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1. INTRODUCTION

Formal reports of decompression sickness (DCS) from the field are indeed rare. However, recent
research conducted by the Armstrong Laboratory has shown that: 1) the incidence of DCS in high-altitude
missions is actually quite high, but reports are suppressed for fear of being grounded (122); and 2)
accurate evaluation of DCS incidence is significantly hindered by inconsisient classification of symptoms
(90). When coupled with the extensive data from altitude chamber studies showing high rates of DCS
incidence for simulated operational flight profiles, these findings indicate that DCS is a problem that must
be addressed. Future operations at higher altitudes will only increase the risk unless improved protective
measures can be developed.

Fortunately, with proper procedures, the risk of altitude DCS can be effectively controlled.
Prebreathing 100% oxygen for denitrogenation prior to the exposure, the primary DCS countermeasure—
aside from pressurized cabins and/or pressure suits, is effective; but no scientifically validated
methodology for determining the amount of prebreathing required exists. This problem is compounded
by use of: 1) dilution breathing systems which typically provide less than 100% oxygen during routine
flight; and 2) positive pressure breathing for altitude and acceleration protection. Future DCS
countermeasures, such as cabin pressurization at higher differentials and use of partially inflated full-
pressure suits, could further reduce risk. Effective countermeasures for preventing DCS are thus not the
problem. Rather, the problem facing aircrews today is how to quantify the risk of DCS and then select an
appropriate combination of available countermeasures compatible with the constraints of the given
mission.

The need for a standardized approach for DCS risk management will become even more important
for the Air Force in the future, especially as newer aircraft, such as the F-22 expand the operational
envelope to higher and higher altitudes. The same problem will have to be addressed when designing
and selecting protective equipment for future high-altitude surveillance and transatmospheric vehicles.
Current high-altitude surveillance operations will also be impacted if future strategies require longer
missions due to Continental United States (CONUS) basing. In addition, rapid sortie generation
requirements may reduce the time available for prebreathing prior to take-off. Although inflight
denitrogenation can provide an effective alternative in this situation (122), the technology for determining
what pressure and time schedule to use to minimize DCS risks within the constraints of the mission is
lacking.

Currently, DCS risk assessment in the USAF is not standardized. in response to an inquiry
concerning the DCS risk for a new or unusual altitude exposure, one of three approaches is used. A
literature search can be initiated to find data, in a "scattergram" of over 50 years of DCS research, that
either match the desired flight profile or are close enough to allow reasonably confident interpolation or
extrapolation of the old data to the new exposure conditions. This is time consuming and, most often,
unsuccessful. If the question is of high priority, a new research study specific to the particular issue in
question can be initiated. This is a lengthy and resource-intensive undertaking, but will most likely provide
a valid answer. In most cases however, the inquiry is answered by giving a "best guess" estimate of risk
based on the memory and experience of the available experts. The situation is even worse for the flying
pilot who, upon sudden loss of cabin pressure, may be fatally short of the information necessary to make
contingency decisions in real time. A more rational approach would be to take the wealth of information
accumulated during the last 50 years of altitude DCS research and use it as the basis for the development
of a hypobaric decompression model to serve as the operational "standard" for the altitude field.

In the hyperbaric field, this approach has resulted in the development of countless
decompression tables, and, more recently, small diving computers carried by the diver that provide
continuously updated limits to guide the decompression. Unfortunately, as demonstrated by Conkin and
Van Liew (32), direct extrapolation of the algorithms used to compute decompression procedures for
ascent from a dive cannot be reliably used to assess the hypobaric exposures encountered in flight.




Despite these limitations, numerous attempts to model altitude decompression sickness have
been made (3,31,54,96,125,147). Much of the work in this area has been sponsored by the National
Aeronautics and Space Administration (NASA) and Johnson Space Center (JSC) to support definition of
decompression procedures for extravehicular activity (EVA) during Shuttle and Space Station operations.
Although NASA has achieved some success with these models, their utility is limited to the narrow range
of exposures associated with current EVA operations. Also, these models have focused on a single
independent variable, namely, degree of nitrogen supersaturation in tissue, to assess the risk of DCS.
Other variables known or suspected to affect DCS risk and susceptibility, e.g., exposure duration, bubble
dynamics, exercise, age, gender, body composition, hydration state, etc., have not been incorporated

into the NASA models.

In response to the need for a standardized methodology for altitude decompression sickness risk
assessment across the wide range of exposures encountered in USAF flight operations, the Armstrong
Laboratory's Crew Technology Division (formerly part of the USAF School of Aerospace Medicine)
initiated a research program in this area in late 1989. An overview of this effort was presented by Dr.
Andrew Pilmanis at the 1990 Hypobaric Decompression Sickness Workshop at Brooks AFB (121). The
focus of work to date has been on determining whether development of an operational altitude
decompression computer for both predictive and real-time DCS risk assessment is feasible, given the
current level of understanding about altitude decompression sickness, the amount of available
experimental data, and the inherent variability in individual susceptibility to altitude DCS.

The results of this feasibility study indicate that although some technical risk is involved,
development of the proposed altitude decompression computer is feasible. This was demonstrated
through the implementation of a simplified, preliminary model for altitude DCS risk assessment. This
technical report documents the work accomplished during this research effort and provides a road map for
development of the desired operational altitude decompression computer.

2. OBJECTIVES OF THIS STUDY

As stated above, the purpose of the Altitude Decompression Sickness Computer Development
Feasibility Study was to determine whether there was reasonable probability of success for developing
the desired model/computer. In today's climate of rapidly declining resources, this feasibility assessment
was needed before initiation of a comprehensive research program in this area could be justified. The
specific objectives to be accomplished during the study are listed below.

1. Define the requirements for an operational altitude decompression computer.

2. Review the research literature to determine what data and which, if any, previously proposed
models could be used in development of the altitude decompression computer.

3. Develop a set of guidelines and a conceptual framework for development of the altitude
decompression computer and its associated mode! of DCS risk prediction.

4. I|dentify promising concepts and algorithms and implement them in a prototype computer model.

5. Evaluate the prototype model by comparing model predictions with previously reported
experimental data on DCS incidence.

6. ldentify and prioritize areas/issues requiring further research.

7. Develop a comprehensive research program plan that will provide a realistic road map for
successful development of an operational altitude decompression computer.




3. APPROACH

This research has been conducted as an in-house effort under the direction of the High Altitude
Protection Function within the Systems Research Branch of the Armstrong Laboratory (AL/CFTS).
Extensive scientific and technical support for this effort was provided by KRUG Life Sciences, Inc., under
Contract # F33615-89-C-0603. Rothe Development, Inc., also provided scientific and technical support
for certain portions of the project under Contract # F33615-89-D-0604. Continuation of this research has
been somewnhat difficult due to the limited availability of dedicated personnel. Over the three-year period
from late 1989 to late 1993 four different people have had primary responsibility for the technical work. As
a result of these personnel changes and other research priorities within the Crew Technology Division,
the project has progressed rather slowly.

Due to the above constraints, this feasibility study was conducted using a broad, top-down
approach. The initial work focused on developing the concept for the altitude DCS computer and defining
the general requirements for the underlying mathematical model. During this early period an extensive
review of the literature concerning DCS modeling was carried out. Based on the results of these efforts,
several promising concepts were selected for further evaluation. ~

The next phase of the study centered on implementation and evaluation of the leading concepts
into a "working" DCS model. The primary goal was to get a prototype model that would demonstrate the
concept of an operational altitude DCS computer. This goal often conflicted with the desire to develop a
more detailed (and presumably more accurate) model. The trade-offs between these two goals were
resolved in favor of completeness rather than absolute accuracy. Detailed investigation of several
important aspects of the DCS model was postponed until additional resources become available.

Likewise, as of the writing of this report, a thorough analysis of the validity and limitations of the
preliminary. model developed during this study has not yet been accomplished. The results reported here
represent a snap shot of the current status of the model development effort. These results should
therefore be evaluated in the context of a "proof-of-concept” demonstration rather than interpreted as
"real" model predictions for operational use.

This top-down approach has facilitated the identification of numerous areas where further
research is needed. This information has been used to put together a suggested road map for the actual
development and validation of an operational decompression computer. The definition of the proposed
research program represents the culmination of the Feasibility Study. Further development of the DCS
model/computer is dependent upon availability of adequate resources.

4. BACKGROUND

The effects of exposure to changes in environmental pressure and methods to counter these
effects have been studied extensively. A complete bibliography of the literature on decompression
sickness alone would fill a book. The literature database covering this subject maintained by the High
Altitude Protection Function at the Armstrong Laboratory, although far from completely covering the topic,
contains over 1000 articles focused primarily on altitude decompression sickness (172). The literature on
hyperbaric DCS is even more prolific. Despite this wealth of research, the underlying physiological and
pathological mechanisms that give rise to the multitude of symptoms that can result from decompression
are not yet well understood. Nonetheless, to determine the feasibility of developing an altitude
decompression sickness risk assessment model that meets the above objectives, one must first begin by
developing a thorough understanding of the literature on this subject.

Due to the volume of material involved, a review of the physiology of DCS is outside the scope of

this report. A comprehensive and well-written treatment of the subject has been presented by Vann in the
latest edition of Bennett's Diving Medicine. Both the physiology and operational aspects of altitude
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decompression sickness were also thoroughly reviewed at the Hypobaric DCS Workshop held at Brooks
AFB, TX in October 1990 (121). The proceedings of this workshop, which was jointly sponsored by the
USAF School of Aerospace Medicine, NASA/Johnson Space Center, and the Air Force Office of
Scientific Research, are an invaluable reference on the topic.

For the reader who may be unfamiliar with decompression sickness, a short summary of the key
concepts relevant to the etiology of DCS is included below. Following that, the remaining material in this
section identifies several problems that must be considered in trying to model DCS. Several issues
important for assessing altitude DCS but often ignored in analyzing hyperbaric exposures are also
discussed. Having thus laid the proper groundwork, the significant developments of earlier work in
decompression sickness modeling will be reviewed.

4.A. Basics of Decompression Sickness

Decompression sickness, often referred to as the bends, is a disease thought to be caused by
evolved gas phenomena that occur when living tissue is exposed to a reduction in environmental
pressure. Such decompressions are encountered during ascent from a dive, flying at altitude, or through
intentionally induced pressure changes in either hyperbaric or hypobaric chambers. As a result of the
pressure change, the natural balances between concentrations of the dissolved gases in tissues and
blood and between the blood and gas concentrations in the inspired air present at the alveoli are
disturbed. In response to the specific concentration gradients for each component of the gas, the
concentration in the supersaturated tissue is reduced by diffusion of gas from tissue to blood. The gas-
rich blood is then carried away from the tissue to the lungs where the gas is exchanged with the inspired
air. When the magnitude of the pressure change is large enough and rapid enough, the processes
involved in tissue gas exchange can't keep up and the tissue becomes supersaturated.

The various clinical symptoms of DCS are thought to be due to pathology associated with the
separation of excess amounts of inert gases (primarily nitrogen) into a gas phase whenever the tissue
becomes sufficiently supersaturated. The gas that comes out of solution is thought to collect in "bubbles”
in the tissue that may interact with free nerve endings, cause biochemical changes at the cellular level,
block the microcirculation and cause localized ischemia, etc. In addition to joint pain, DCS symptoms may
include: paraesthesia, skin symptoms such as mottling, CNS effects such as visual deficits, pulmonary
distress or "chokes," etc. Both the size and location of the gas phase are thought to be important
determinants in the resutting clinical symptoms.

Since the body's homeostatic mechanisms normally keep the tensions of the metabolic gases
dissolved in the blood and tissue stable over time, the metabolic gases are usually ignored when
considering the effects of decompression on tissue gas exchange. The remaining gas tensions are
assumed to be due to the inert gases present in the tissue. Since nitrogen is by far the most predominant
gas in air, the effects of trace amounts of other inert gases on the gas exchange processes are also

usually ignored. :

Three important issues concerning the above processes are worth mentioning here. The first is
that the formation of a gas phase and subsequent onset of symptoms takes some finite amount of time.
The magnitude of the delay or latency in symptom onset depends on the magnitude of the pressure
change. The second important issue is that the severity of the symptoms may also be related to the size of
the pressure differential. Larger, more provocative decompressions generally result in more severe
symptoms that occur more rapidly. However, these trends must be interpreted in the context of the third
issue—that is, a large degree of variability is involved in determining what, if any, DCS symptoms will be
observed in a given individual for a given pressure change. This variability is compounded by numerous
factors such as hydration state, temperature, recent exercise, etc., which may change an individual's
susceptibility from one exposure to the next. These factors, when combined with the lack of




understanding of the intermediate processes through which the evolved gas actually affects the resulting
symptoms, make attempts at modeling decompression sickness quite challenging.

4.B. Problems Inherent in Modeling Decompression Sickness

Before diving into the literature on DCS modeling it is helpful to understand some of the problems
involved in modeling this disease. The most difficult problem is the diverse nature of the symptoms.
Severe cases may exhibit serious cardiopulmonary and/or neurological deficits that, if not properly treated,
may be fatal. Fortunately, with proper use of operational procedures designed to control DCS risks,
severe cases of DCS occur infrequently in both hyper/hypobaric decompressions. The mild-to-moderate
symptoms that do occur with greater frequency cover a wide spectrum of clinical conditions. The partial list
given above is only representative.

This variability presents great difficulty in accurately modeling DCS for two reasons. First, from a
pathological viewpoint, it is difficult, if not impossible, to postulate any single mechanism that will
adequately explain all possible symptoms. Any model must therefore try to incorporate a variety of physical
and physiological processes that may contribute to DCS. Numerous mechanisms have been suggested
including physiological, pathological, and biochemical. Despite countless human and animal experiments,
efforts to identify the underlying causes of DCS are severely limited by our inability to monitor the
appropriate processes in vivo. In vitro studies have contributed a great deal of basic knowledge on gas
exchange, gas phase separation and bubble growth. However, extrapolation of these data to living
systems is difficult due to the highly complex nature of the processes involved. Despite these difficulties,
considerable progress has been made in recent years through application of state-of-the-art ultrasound
imaging and Doppler technology (117,118,125). Further efforts in this area show great promise for
providing the much needed insight into this critical area of the problem.

The second reason that the large variation in DCS symptomatology makes modeling difficult is that
no standardized classification scheme yet exists with which to describe DCS cases (49,90,136). This lack
has resulted in numerous scales of severity that make comparison of experimental data from different
researchers very difficult. The classification dilemma is not limited to the research setting. In a survey of
USAF and other physicians involved in the treatment of DCS, Kemper et al (90) found very little
consistency of diagnosis on ten different case histories. In addition to non-standard classification
taxonomies, data on the incidence of DCS in the operational Air Force are further confounded by lack of
reporting among aircrew—whose only current incentive is, at best, a hassle with the flight "doc," and at
worst, the end of their flying career.

Another problem that must be dealt with in developing models of decompression sickness is the
typically low-incidence rates that occur on the milder exposures. To obtain sufficient statistical power in the
data analysis, a large number of subjects is required for each study. The cost of doing such large studies
today is prohibitive. This requires that all available data be consolidated into a common framework that will
give more statistical power than relying only on data obtained at any one research center.

Several large databases on altitude DCS do exist. Both the USAF and NASA have extensive
computerized data on DCS and venous gas emboli obtained from many years of research. Within the last
several years Conkin has successfully organized a large percentage of all the experimental altitude DCS
data available in the common literature in a computerized database (28). Also, considerable data on
altitude DCS was recorded during and immediately after World War Il (51,52). Most of these early studies
were part of various aircrew screening programs, so large numbers of individuals were used.
Unfortunately, much of the detailed data from the individual flight records have not been properly
organized and are in serious danger of being lost forever. Although the different endpoints for terminating
the exposure and symptom classification systems used in these early studies varied significantly, it should
be possible to correlate these variables by carefully reviewing and comparing the detailed records based




on symptomatology rather than classification of DCS. This would provide a critical volume of data that, due
to stricter limitations on human experimentation, could never be repeated today.

Yet another problem encountered in modeling DCS is the nature of the model's output.
Traditionally, decompression models developed for hyperbaric exposures have expressed the output as
a binary prediction of whether DCS was likely to occur or not. This simple, yes/no answer was computed
based on whether or not a given parameter, such as tissue supersaturation or perhaps bubble size,
exceeded a specified limit or threshold. The limiting values of the various parameters were determined on
a priority based on the level of risk deemed acceptable for the planned mission. These models were then
used to compute sets of tables that were used to guide the decompression. These models do not have
the capability to adjust the DCS outcome prediction for different levels of acceptable risk. In certain
scenarios, such as flying over areas with enemy anti-aircraft weapons, a large risk of DCS may be
acceptable, given the available alternatives. For these situations a simple yes/no answer does not provide
enough information for effective trade-off analyses. Therefore, it is important to know both what the
relative risk is and how severe the resulting DCS might be. To date, few models have attempted to
account for differences in the severity of possible DCS symptoms. The simple binary output models of the
past have also failed to incorporate another important feature: the delayed onset or latency period

associated with most cases of DCS.

Having a model that could reliably predict DCS latency would provide the advantage of safely
permitting a more hazardous exposure to a larger pressure differential, as long as recompression occurred
before the processes causing symptom development had progressed too far. In operational terms, this
could be translated into higher aircraft altitudes and/or reduced operating pressures for full-pressure suits.
The first would expand the envelope of operations and could provide a substantial combat advantage.
The latter would reduce the mobility/dexterity limitations and fatigue associated with fully inflated pressure

suits.

4.C. Important Differences between Hyperbaric and Hypobaric DCS

Many models have been created to delineate the boundaries of safe decompression procedures
for hyperbaric exposures. While these models provide a basis from which to develop a model for flight,
some important issues are not addressed and must be taken into consideration to develop an altitude

decompression computer.

Perhaps the most important difference is in the type of information that is needed to properly
assess DCS risk and to develop acceptable decompression procedures. lf we were to consider an
expedition, whether at depth or in flight, as composed of two stages, the initial stage would be the "action"
phase. During this time the individual would complete the objectives of the mission. The second stage
could be referred to as the "return" stage. This would involve transferring the individual from the altered
environment back to sea level and common air. For a diver, decompression is not a factor until after the
action phase. Therefore, given enough time and an adequate air supply, a diver can make his
decompression as conservative as necessary without interfering with the work of the dive. Complete
avoidance of even minimal DCS symptoms is the goal; therefore, prediction can be quantified as a binary
output, with any stress above a certain level defined as bends-producing.

In flight, pressure reduction is coupled with the action phase. The aircrew may be willing to risk
developing DCS to complete the mission. For this reason, a risk analysis would be desirable, since DCS
may be difficult to avoid entirely. Often, the risk will be so high as to require a preparation stage, during
which denitrogenation is accomplished.

In other types of missions, such as high-altitude parachute insertion, the mission has more than

two phases. Unlike the diver who can decompress after the work is done, or the aircrew at risk while doing
their job, special forces troops must endure the DCS risk just to get to the job. The problem is often
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compounded by the remote nature of these types of operations: treatment for DCS, should it occur, is
simply not available. In the case of flying after diving, the route to and from work is even more hazardous
because of the increased inert gas loading that occurs during the dive portion of the mission.

Although the above differences in the nature of the missions don't necessarily change the
underlying processes which give rise to DCS symptoms, they are important considerations when defining
the types of risk assessment information required. It is clear that a simple yes/no prediction of DCS will not
be adequate for flight or special operations. These situations require a prediction of relative risk which can
be evaluated in the context of other risks and constraints associated with the particular mission in

question.

We would also expect the composition of gases in a bubble at altitude to be different from that at
depth (1). In both applications, the tensions of metabolic gases in a bubble are assumed to be the same as
their tensions in the tissue. For O,, CO,, and H,O, the tissue values will normally be constant at
approximately 40, 46, and 47 mmHg, respectively, at all pressures. If, as explained above, nitrogen is
assumed to make up the difference between the sum of the partial pressures of the metabolic gases plus
water vapor and the total pressure in the bubble, then at sea level nitrogen would compose roughly 83%
{ (760-40-46-47) / 760 } of the gas volume in a bubble. At an arbitrary depth of 33 fsw, the pressure would
be 1520 mmHg, and nitrogen would compose about 92% { (1520-40-46-47) / 1520 } of the bubble's gas
volume. Similarly, at an arbitrary altitude of 30,000 feet, the pressure would be 226 mmHg, and nitrogen
would compose 44% of the volume of the bubble. Figure 1 gives a plot of the relative nitrogen content in
the bubble as a function of ambient pressure.
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Figure 1. Relative nitrogen content in bubble vs ambient pressure.




The reader will immediately observe that this graph shows no nitrogen for altitudes above roughly
42,000 ft. At slightly more than 42,000, the ambient pressure would be 127 mmHg, which exactly equals
the sum of the partial pressures of the metabolic gases and water vapor. Based on the above reasoning,
there should be no nitrogen in the bubbie whatsoever. Of course, this does not make sense intuitively, as
it would imply that the tissues could withstand infinite supersaturation of nitrogen above 42,000 feet.
However, it does raise some interesting questions about the composition of gases in the bubble at
altitude and the effect that this would have on diffusion of gases into and out of the bubble.

A few points that make inert gas exchange in the tissues are a subject of special interest. Carbon
dioxide is much more soluble in body fluids than oxygen. Thus an equal volume of carbon dioxide will
exert less pressure in solution than oxygen (159). For example, from Figure 2 below, it is evident that
three volumes of oxygen would have a partial pressure of 100 mmHg in solution, while the same quantity
of carbon dioxide would exert only 4.9 mmHg.
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Figure 2. Showing gas tension-vs-volume, Bove (1990) (18).

Therefore, when oxygen is metabolized and replaced with the same molar volume of carbon
dioxide, the sum of the partial pressures of gases dissolved in the tissues is inherently less than the sum
of the partial pressures of the inspired gases. This phenomenon is referred to as the "oxygen window" or
"inherent unsaturation" (15,77). This pressure gradient provides the driving force for diffusion of oxygen
into the blood and tissues and diffusion of carbon dioxide from the blood to the tissues and from blood
into the expired air.

Because high levels of dissolved oxygen are toxic, the body's regulatory processes try to prevent
its accumulation in the tissues (96). Unless the partial pressure of oxygen in the inspired air is especially
high, the partial pressure of oxygen in the tissues is then a relative constant at 46 mmHg (24,151,152).
The oxygen window would therefore be expected to increase with increasing partial pressures of O,. This

has been demonstrated experimentally by several researchers (77,101,148). The table below gives the
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magnitude of the pressure differential favoring diffusion of oxygen into the tissues for various
concentrations of nitrogen in the inspired air at different inhalation pressures.

Table 1. Pressure differential of O diffusion into the tissue (77).

Magnitude of the
Inhalation pressure % Nitrogen Oxygen Window (mm Hg)

480 80 18

760 0 628
760 18.3 507
760 42 322
760 62 209
760 80 79

1116 80 166
1349 80 236
1761 80 314

If it weren't for the toxicity of oxygen at higher pressures, DCS could be prevented in diving by
eliminating inert gas from the breathing mix. With this in mind, the relationship between the driving force
for inherent unsaturation and the ambient pressure for air and oxygen breathing could be described by
the following graph (Figure 3).
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In contrast to diving, oxygen toxicity is not a threat at altitude. This allows breathing enriched air
and 100% oxygen. Therefore, although the driving force favoring inherent unsaturation would be
expected to decrease with increasing altitude, it could always be at its maximal level if 100% oxygen were
used. In addition, on 100% oxygen, the risk of decompression sickness would be expected to decrease
with time as nitrogen is eliminated from the body. With sufficient time, the oxygen window makes if
possible for an aircrew to become completely denitrogenated, thereby eliminating the risk of DCS.

A final difference that significantly affects the calculation of decompression procedures for either
diving or altitude concerns the time course of the inert gas loading and unloading. In diving, the individual
starts with tissues saturated at ground level. During the dive the increased pressures cause more inert gas
to be picked up by the tissue. In diving, therefore, the only tissues that need be considered in calculating
safe decompression limits are those which could, in the length of time of the dive, attain a partial pressure
of nitrogen sufficient to cause supersaturation upon ascent. In other words, tissues that take more time to
saturate must be considered only in proportion to the length and depth of the dive. Based on this
consideration, diving models for non-saturation diving have typically used inert gas exchange equations
with tissue half-times of 5-180 minutes. The half-time represents the time required for the tissue partial
pressure to reach half of the final equilibrium value for a given change in pressure.

For ascent to altitude, a person can be assumed to start with inert gas tissue pressures completely
equilibrated with the atmosphere at ground level. While some tissues can be denitrogenated fairly quickly,
those that respond most slowly to a change in the environment assume great importance at altitude.
Previous altitude models have often set prebreathing requirements based on tissue half-times of 360
minutes or longer. Any model developed for use at altitude must take these factors into consideration.

5. REVIEW OF THE LITERATURE ON DCS MODELING

An extensive and impressive body of literature on DCS modeling is available. Driven primarily by
the need for safe decompression procedures for underwater construction and escape from submarines,
all of the early decompression models were developed for the hyperbaric field. Only in more recent times
have serious attempts at mathematically modeling altitude decompression sickness been made

(17,30,44,93,157,184).

Despite the considerations outlined above that limit the direct application of hyperbaric
decompression sickness models to the hypobaric field, some of the concepts and algorithms
implemented in these models may be useful. At any rate, they should serve as a starting point from which
to develop or build up the additional factors necessary for an accurate altitude DCS model. Fortunately
there are several good reviews of previous DCS modeling work. A good, concise summary of the
significant advances in this area can be found in the Hamilton's paper in DCS Workshop Proceedings
(121). Vann's chapter on the physiology of DCS in Diving Medicine (161) provides a comprehensive
review of both the relevant physiology and modeling concepts. Hempleman (61) and Wienke (177)
provide a more detailed review of the mathematical treatments.

The potential contributions from this wealth of literature were recognized at the very beginning of
the altitude decompression computer research and development effort. Numerous existing diving models
were reviewed. Although much fewer in number, previously proposed decompression models for altitude
were also reviewed. This review included modeis of many types that focused on issues such as: diffusion
and perfusion of inert gas, parallel and serial arrangement of multiple tissue compartments, bubble
dynamics, and models for excursion from saturation diving. Also, an interesting model used to predict
tissue gas concentrations for anesthesia administration during surgery was also reviewed for potential
applicability. The significant models included in this review are listed in the following table.
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Table 2. Models reviewed for applicability to development of an aititude
decompression computer.

Diving models: Haldane US Navy
Hills US Navy E-L
Huggins DCIEM (Kidd-Stubbs)
Hempleman RNPL
Wienke Hamilton/Peterson
Yount/Kunkle Vann/Gernhardt

Altitude models: NASA/NSC Van Liew & Hlastala
Gernhardt Conkin
Esa-Hennessy Albanese et al.
Fryer

Other models: Eger's anesthesia model

Detailed discussion of all the models reviewed during this effort is not possible in this report. The
following section provides a review of the significant material. This overview of previous work should
provide the proper perspective for the subsequent sections describing the theoretical development of
the algorithms that were implemented in the prototype altitude DCS computer. For a more detailed
discussion of the literature, the reader should see the reviews mentioned above.

5.A. Hyperbaric Decompression Models

Perhaps the greatest impact in the field of decompression modeling was the early work of
Boycott, Damant, and Haldane (19,60). In order to set down more stringent guidelines for the
decompression of divers and caisson workers, Boycott et al devised what may be called the first tissue
model. Their model focuses on inert gas exchange and uses the degree of supersaturation of the tissues
as the predictor of DCS. In the interest of simplicity, they represented the body tissues as one lumped
compartment, uniform both in composition and in blood supply. The inert gas exchange between tissue,
blood and the environment was then described based primarily on the role of perfusion. The differences
in nitrogen solubility of lean and fat tissue and blood were used to incorporate the known differences in
rates of gas exchange. Many models were built from the foundation laid by Boycott, Damant, and Haldane,
thus the theory merits some detail. The following material is paraphrased from "The Prevention of
Compressed Air lliness" (19).

It had been observed that fatty tissue constitutes 15% of the mass of an average man and can
dissolve approximately six times more nitrogen per unit volume than either blood or lean tissue. Given this,
one may determine that there would be about 75% more nitrogen in a volume of saturated tissue than in
the same volume of saturated blood { [1(0.85) + 6(0.15)] / 1 = 1.75 }. (Actually, Boycott, Damant and
Haldane calculated a value of 1.7. The numbers used here are for explanation of the concept only; the
end result is essentially the same). Taking into account the differences in solubility and the fact that the
ratio of tissue to blood in the body is about 20:1 by volume, then at saturation there would be
approximately 1.75*20 = 35 times more nitrogen dissolved in the body than in the blood.

If the partial pressure of nitrogen in the environment were to increase, there would be an initial
deficit in the tissues with respect to the blood. This is because the blood is assumed to be instantly
equilibrated with the environment due to both the mechanisms of gas transfer at the lung and the large
surface area across which gas exchange occurs, while tissue gas concentrations may only be changed by
the slower transfer of gases across the tissue and blood interface. This resulting concentration gradient

11




provides the driving mechanism for tissue uptake of inert gas. However, if nitrogen is considered to be the
only inert gas, the relationships established earlier show that saturated blood could deliver only 1/35th of
the total deficit with each pass through the tissues. For example, if one unit volume of nitrogen were
needed to bring the tissues to saturation level, then with one round the blood would have added (1/35) *
1 = 0.0286 of a unit volume to the tissues. With the second pass, it would add (1/35)*(1-0.0286) =
0.0278. The effect continues such that on the third pass the amount of nitrogen delivered to the tissue is
(1/35)(1-(0.286+0.278)) = 0.0270, and so on with each subsequent pass. The net effect is that a smaller
amount of nitrogen is being added with each pass, with the actual amount transferred proportional to the
ever-decreasing deficit. If the tissue had an initial volume of nitrogen, say V, then at the end of an interval
of time, t,, it would have a new volume of nitrogen, V * (1+0.286) and at the end of the next time interval,
it would have, V, * (1+0.286+0.0278) and so on. This concept is often referred to as perfusion-fimited
inert gas exchange, since the time required for the blood to make each pass through the circulation is
considered to be long compared to the time for gas to diffuse from the blood into the tissue.

This relationship is shown graphically in the following plot (Figure 4). Since the volume of
dissolved gas per unit volume of solvent is a concentration, and since concentrations of gases are more
familiarly described as partial pressures based on Henry's Law, the vertical axis of the chart is in partial
pressure of nitrogen in the tissue.
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Figure 4. Uptake of nitrogen in tissues as predicted by the Haldane model.

Using this concept of perfusion-limited inert gas exchange, uptake of inert gas by the body can be
mathematically described as an exponential, time-dependent process using the following equation:

P®t) = P, + (P,-P, ) exp(-kt). Ean (1)
where

12




P() = partial pressure of nitrogen in the tissues

Po = initial nitrogen tissue pressure
Pa = ambient nitrogen partial pressure
k = time constant of gas uptake

t = time tissue is exposed to Pa

Once the above equation is established, it may be recognized that the body is not uniform, and
that the rate of inert gas uptake in a particular part of the body will vary widely with tissue fat content,
effective blood perfusion, distance from the heart, etc. These differences may be accounted for by using
different time constants in the above equation. Therefore, the partial pressure of nitrogen in a particular
tissue of the body may be caiculated using an exponential equation and its representative time constant.
Because of the complexity involved in the real process of gas exchange between the tissue, blood and
environment and individual variances in body composition, the time constants for these exponential
equations cannot be directly related to actual physiological parameters. These values were simply chosen
so that the spectrum of observed half saturation times was well represented.

The above model was derived for uptake of gas due to increases in ambient pressure. In the
event of a rapid reduction in ambient pressure, the gradient is in the opposite direction and inert gas
moves from the tissues to the blood to the environment. Provided no gas comes out of solution,
desaturation of the tissues will be described by the same equation as tissue saturation.
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Figure 5. Nitrogen Uptake and Elimination in Tissue.
It is obvious, both from equation (1) and the above diagram (Figure 5), that, in the absence of a
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‘ separated gas phase, the driving force for inert gas uptake or elimination is the difference between partial
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the tissues could withstand a certain degree of supersaturation without gas phase separation. Haldane
observed that tissues exposed to a given pressure for a "long" time could be exposed to a pressure
reduction equal to half the previous level without posing significant risk of decompression sickness. This
2:1 ratio was based on total pressures. When only the inert gas is considered, the limiting ratio is actually

1.58:1.

The key to an efficient decompression then, would be to optimize the pressure difference so that
gas is eliminated from the system as quickly as possible without causing bubble formation. Using multiple
tissue compartments with various tissue half-time values, Haldane developed decompression limits for
safe ascent from different depths such that, for each specified dive profile, the acceptable supersaturation
ratio was never exceeded for any tissue compartment. Whenever a compartment exceeded the allowable
limit, a decompression stop was required to allow the gas exchange processes time to catch up. The time
required at each decompression stop was determined such that the controlling tissue could withstand a
subsequent pressure drop equivalent to 10 fsw without again exceeding the acceptable supersaturation

ratio.
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Figure 6. lllustration of Inert gas partial pressures in various tissue compartments as a function of time
during a staged decompression. Arrows indicate which tissue is the rate-limiting factor for different phases

of the decompression.

As can be seen from Figure 6 above, the ascent depth is not necessarily controlled by the same
tissue throughout the dive. During the early stages, the fast tissues control the ascent rate limits. As time
progresses the gas load in the fast tissues is removed and the slower tissues become the rate limiting

factor.

Using this approach, Haldane developed a set of decompression tables for dives of various
depths and bottom times. He used tissue half times of 5, 10, 20, 40 and 75 minutes, based on
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physiological perfusion rates. These tables were conservative for short dives and inadequate for longer or
deeper dives, indicating that larger tissue half times may be needed (62,83).

In response to this inaccuracy, the US Navy modified the Haldane model to produce a new set of
dive tables in the 1950s (43). The main differences between the US Navy model and Haldane's model are:
1) six tissue compartments are used instead of five (the USN half-time constants were 5, 10, 20, 40, 80,
120 minutes), and 2) partial pressures of inert gas rather than total pressures were used in calculating the
limits. This model produced the US Navy Standard Air Decompression Tables, which have been used as
the basic standard for computing hyperbaric decompression procedures.

Although reliable for short dives, like Haldane's tables, the Navy tables were also inadequate for
the deeper and longer dives, e.g., below 130 fsw for more than 30 minutes or for decompression times
greater than 60 minutes (60). To compensate for these limitations, Workman (181) introduced the
concept that the acceptable supersaturation ratio that can be tolerated without gas phase separation
increases with both decreasing depth and decreasing tissue half time. Mathematically, this was
accomplished by using a set of acceptable supersaturation ratios that varied with depth for each tissue.
The ratios were referred to as M-values. The M-value is analogous to the maximum degree of
supersaturation a tissue may possess at a specific depth to produce negligible risk of DCS. Using this
approach, a set of curves were developed giving the M-value for each tissue compartment as a function of
ascent pressure. The limiting tissue ratios defined by these curves were then used to develop
decompression schedules for different dive profiles.

In order to more easily handle dives using multiple breathing gases, Schreiner used the sum of
partial pressures due to each inert gas present to compute a total tissue- pressure, which was then
compared to the set of limiting tissue ratios. Variations in the rate of gas exchange for different gases was
allowed through use of different half-times for each gas within the same tissue compartment. Like
Haldane, Schreiner's original selection of halftimes were based on measured blood flows (130). However,
these values have been modified to better match diving experience and can no longer be realistically
linked to physiological blood flows (130).

Schreiner's model, commonly known as the "Tonawanda II" model or the Haldane-Workman-
Schreiner method, also incorporated the partial pressures of carbon dioxide and water vapor when
computing the inert gas partial pressure. present at the alveoli (130). The resulting inert gas partial
pressure was then used as the driving force for gas exchange with the tissues rather than the partial
pressure of inert gas in the ambient environment. Although this difference is of little importance in diving
since the alveolar CO, and water vapor partial pressures are small compared to the ambient pressure, it
may be important for hypobaric exposures.

Another variation  of the original Haldane model was developed by Thalman at the USN
Experimental Diving Unit, (141,142,143) in an attempt to come up with a single model that would work
equally well for both short dives and longer, deeper dives. Based on an extensive set of experimental
data, he proposed that the exponential relationship governing uptake of inert gas on descent was not
valid for ascent due to the formation of bubbles. Instead, an empirically determined linear relationship was
used to calculate elimination of inert gas during decompression. This approach indirectly accounts for the
slowed rate of denitrogenation due to gas phase separation during decompression without actually
attempting to calculate the size of this gas phase. In addition, it predicts a higher residual level of nitrogen
in the tissues than the exponential model. Though this would be expected to produce safer
decompression schedules for repetitive dives, its profiles have been shown in many instances to be less
conservative than the standard US Navy model (83).

At the Royal Navy Physiological Laboratory (RNPL) a diffusion model based on the concept of
tissue slabs was used to calculate tissue inert gas concentrations. The RNPL model represents the body
as a block of tissue with one face held at ambient pressure. The driving force for inert gas uptake or
elimination is the slope of the concentration gradient (61,127). This is conceptually illustrated in Figures 7
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tables. This work is based on the gas exchange kinetics of a pneumatic analog consisting of 4 small
chambers connected in series with only the first chamber exposed to ambient pressure. This device was
used in real time to control the diver's exposure. The orifices connecting each chamber were sized to
provide results roughly matching the USN tables. Unfortunately, manufacturing problems associated with
drilling the small holes connecting the chambers limited the widespread use of this system. To overcome
these problems, a computer model was developed at the DCIEM and refined by Nishi to mathematically
solve the equations governing gas flow between the chambers of the pneumatic analog. The output of
these equations provides the gas tensions for each compartment used to control the dive, based on the
Haldanian concept of limiting supersaturation. Although the model has no basis in physiological
mechanisms of gas exchange, the results provided reasonably successful air tables (113).

In the late 1960s, Hills developed his thermodynamic model (39,46). Inert gas exchange is
assumed to be diffusion-limited and is described by the following equation:

(Ap):=xAP-(1-m i {Jo(rtty) - Yo(alky) - Yo(r0in) * Jo(@ctn)} - exp(-0f - D)

n=1 [‘J()(a'(x'rl)]2 _ 1

Jl (ban) Eqn (2)

where O is the root to this equation:

Jo(atn) Y1(ban) - Yo(adn) J1(baty) =0 Eqn (3)
and ,

(Ap), is the change in the tissue pressure at any given location

X is the fraction of inert gas in the capillary gas

AP is the change in ambient pressure

JpJy  ordinary Bessel functions of the first kind, and of the zeroth and first order respectively

Yo Y, ordinary Bessel functions of the second kind, and of the zeroth and first order respectively (68,72,78).

Although Hills claims that these equations are easily solved using Legendre quadrature, they
become mueh more complex if one assumes the possibility of a separated gas phase. Furthermore, they
are probably not necessary for the altitude situation, as will be explained later. Hills has shown evidence,
however, that use of his radial bulk diffusion equation offers better prediction of several sets of data
(68,75). Also, the complexities arising from the effect of a separated gas phase on the inert gas content of
the tissues do not pose a problem in Hills' calculation of dive tables. In previous models, the difference
between the ambient pressure and the tissue pressure was increased to just below bends provoking.
Because a linear relationship had been established between inert gas elimination and this difference in
pressure, maximizing this difference was believed to provide the greatest driving force for inert gas
elimination. However, Hills assumes that the tissues are incapable of sustaining excess inert gas in
solution. This zero-supersaturation criteria requires that all excess gas will either be eliminated via
perfusion, or dumped into a separated gas phase (76). Because formation of gas bubbles decreases the
rate of elimination of inert gas (11,71,78,161,188), Hills' thermodynamic model requires that the
decompression be such that there is no possibility of bubble formation. According to the concept of
inherent unsaturation, or the oxygen window (15,70,148,152,157), tissue in equilibrium with its
environment will always have a total dissolved pressure of gases somewhat lower than the total ambient
pressure. The ambient pressure may therefore be reduced to this lower tissue pressure without initiating
the formation of a separated gas phase. Hills' decompression is therefore staged such that the “inherent
unsaturation™ is the driving force for inert gas elimination. While profiles matching those predicted by Hills'
thermodynamic model have been used successfully for thousands of Okinawan pear! divers (103), this
model, like the Haldanian tissue models, requires the individual to follow a rigid decompression format,
and does not provide a risk assessment for the individual who may need to overstep the bounds of a
"safe" decompression. The major deficiency of the thermodynamic model then, is in the estimation of the
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size of the gas phase, or, in fact, the estimation of any sort of decompression strain whatsoever. If a risk
analysis is to be provided in lieu of a strict yes/no assessment, this is a vital ingredient.

5.B. Hypobaric Decompression Model

While Hilis took pains to avoid the separation of gas from solution in his calculation of the dive
tables, his model seems to mark a transition from reliance upon traditional supersaturation models to
increased interest in those that depended upon bubble size as the indicator of DCS.

Bubble models try to predict the size of the gas phase evolved from solution by equating the
pressure inside the bubble with the pressure outside of the bubble (21). Inside pressure may be seen as
those factors encouraging growth of the bubble. This is usually assumed to be equal to t@e partial
pressure of inert gas in the tissues plus the pressure of CO,, O, and water vapor. Conversely, the
outside pressure would tend to shrink the bubble, and would be composed of the total ambient pressure,
plus the pressure due to surface tension and from tissue elasticity. Most models ignore tissue effects,

assuming that they are negligible (9,91,92,151,184 ).

The "critical released gas volume" hypothesis (64) led to the conclusion that decompression
schedules could be developed by following the relation:

Pi=aP,+b Eqn (4)

where

Py the pressure to which the tissue has been equilibrated
Py the pressure to which it is just safe to decompress
a,b constants determined experimentally.

Starting with mass balance, rapid equilibration between dissolved and released gas is assumed. The total
quantity of gas in the system may then be equated to the amount dissolved in the tissues plus the amount

in the bubble:

S*pia=S - p2a+V- D2

Eqgn (5)
where
S solubility of the inert gas
Pla  partial pressure of inert gas in the tissues before phase separation
P2a  partial pressure of inert gas in the tissues after phase separation
\ volume of released gas per volume of tissue that is just below the bends-provoking limit.
The pressure of gases in the tissues is then equated to the pressure of gases in the bubble:

P20 +P(0z, €Oz, Hy0) =P, + 20+ §
r
Eqgn (6)

where

P(0,,C0,,H,0) the sum of the partial pressures of oxygen, carbon dioxide, and water vapor in the
tissues, 126 mmHg
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Py the pressure to which the subject is decompressed

c surface tension, 0.0179 N/m (39)

r average bubble radius, 1.41 mm (67)

b the deformation pressure that will just induce pain at nerve endings, 10 mmHg (85)

Using these values and solving equations (5) & (6) simultaneously, the following relation was obtained

Pi=A‘P,+B
Eqgn (7)
where
alts Eqn (8
B=A*74+Po, Eqgn (9)
and

Po, isthe partial pressure of oxygen in the breathing mix

Though it makes some dubious assumptions in its calculations of the size of the total evolved gas
phase, experimental evidence suggests that this equation correctly defines the boundary between
bubble formation and no bubbles (104). Therefore, this model could potentially be modified for use in
aviation. Instead of determining an ascent pressure so that pain-inducing bubbles are only avoided, it
could be used to predict the size of a bubble volume and the resulting decompression strain at a particular
pressure. A model that does just this has been created by NASA (124). A review of the results of trials of
this model does not seem to offer exceptional correlation between the predicted and actual strain.

An alternative use of bubble models is for the prediction of the time required for bubble
dissolution (97). This assumes that DCS is unavoidable, and predicts the best method and required
length of treatment. Supported by experiments of bubble growth in gelatin, the bubble lifetime was found
to be:

Bp1+6 +V (po +5)°

L £~
2RTDS(p; +6-1) Eqn (10)

where
Py treatment pressure (if subject is recompressed)
Po initial ambient pressure
Iy initial radius of the bubble
o tissue deformation pressure
R universal gas constant
T temperature in degrees Kelvin
D the diffusion constant 1.88x10-5 cm2/s (165)
S solubility 6.73x10-13 mol/(dyn-cm) (105)
T gas tension in the tissue, assumed to be the sum of the inert gas tension, and the tension of

oxygen in the tissue, found by the relation
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dg
a-® <& Eqn (11)

Lxen  BrE
Eqn (12)

where
g tissue tension of oxygen with and initial value of 46 mmHg

28 arterial tension of oxygen
& maximum tension of oxygen that can be metabolized by the tissue.

This model ignores the effects of surface tension, since it was derived for use at depth, where
surface tension would be assumed to be small compared to the hydrostatic pressure. Also, it does not
provide for any sort of analysis during the decompression. However, it does acknowledge that
decompression sickness may not always be avoidable, and provides a solution if DCS does develop.

One of the earliest bubble models was devised by Bateman and Lang (9). In their experiments,
they found the rate of growth of bubbles in aqueous media to correspond reasonably well to their

theoretically derived equation:

(@ -p)e 4
ﬂ=4nocT8 (1 -p1) AN

dt 273p | Eqn (13)

a solubility of nitrogen in water at 37°C

3 diffusivity of nitrogen in water

P partial pressure of dissolved gas in the tissues

Py partial pressure of nitrogen in the bubble

p total force acting on the bubble, assumed to be equal to the hydrostatic pressure plus pressure
due to surface tension

Vv total volume of evolved gas

N total number of bubbles

T temperature (K).

The desired result is the total volume of the gas out of solution. Bubble volume, however, does not have a
one-to-one correspondence with bubble radius. As is illustrated by Figure 9, a relatively large change in
volume may produce only a small change in radius, especially after the initial stages of growth.
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Figure 9. Change in Bubble Radius vs Volume.

Because decompression sickness is believed to be attributable to the mechanical effects of bubbles in
the body (i.e., deformation of pain receptors or blockage of small blood vessels), many subsequent
bubble models try to predict the bubble radius as opposed to the volume.

Van Liew's model (153) originally ignored surface tension as well as tissue effects. This was
justified on the grounds that his calculations would err on the side of conservatism, but nevertheless was
included in later calculations (150). He derived the following equation for the rate of change of the bubble
radius with time:

dR _ _Phs vy L 1
R = @DK)( - 550+ 1)

Eqn (14)
where I
R bubble radius
Ot solubility of N, in the tissue, between 1 and 5 times the solubility in blood
D diffusivity of N, in body fluids, 0.00132 cm2/min
K factor to convert the pressure being used into bar
Pys . the partial pressure of N in the tissue
Poup  the partial pressure of Ny in the bubble
the perfusion factor
A= (O pKyQy® D05 Ean (15)

21




where

@ solubility of Ny in blood, 0.0144 (ml/gm)/bar
Ko constant for the effectiveness of blood flow, 1
Q tissue perfusion rate (ml/ml)/min

As is the case with most bubble models, the calculations are highly circular. For example, P is influenced
not only by the washin or washout of inert gas from the tissues, but also by that gas that diffuses into or out
of the bubble. Py, is described by the following equations:

Vi

Pus = o Eqn (16)

where

Vt volume of N2 in the tissue volume, in ml
v tissue volume, mi.

and V; is dependent both on the washout of inert gas from the tissue and the amount that enters or leaves
solution from the gas phase such that

dVv ! .
_dt—t = apQ (Pyis - Pyye) + %\t,_ Egn (17)

where

Pis  initial pressure of Ny in the tissues for a time step
Pys  final pressure of Ny in the tissues for a time step
\' bubble volume, mi

If the barometric pressure is not constant with time (as during ascent), then

Pys = Pg - F10,PB - Paco, - Pr,0 Eqgn (18)

where

Pg barometric pressure, bar

Fio,  fraction of oxygen in the inspired air

Paco, partial pressure of CO,, in the alveolar gas, 0.053 bar

Puo partial pressure of water vapor in gas saturated at body temperature, 0.062 bar for the above

equation. Also,

2y
Pr. = Py - P S
bub = Pp - (Pto, + Prco, + Pr,0) + RK; Egn (19)

where
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Pto,  the partial pressure of O, in the tissues, 0.053 bar
Pico, the partial pressure of CO, in the tissues, 0.059 bar
Y the surface tension, 50 dynes/cm

Ks conversion factor, 106 (dynes/cm)/bar

This model offers a description of bubble growth that seems intuitively correct, but has not been tested for
correlation to DCS. It has shown good correlation with experimental results for the absorption of inert gas
pockets in the rat (148) but these may be a little different from the results that would be expected from
smalier bubbles with greater volume-to-surface area ratios, and greater surface tension values. While
these calculations may seem complicated and tedious, they enable predictions of gas bubble growth to
be made for slow pressure changes and for profiles composed of more than one change in pressure or
breathing mix. Once slow or multiple pressure changes are allowed, then tension gradients may develop
in the tissue due to the effects of perfusion, as well as diffusion of gas into the bubble. Previous analyses
of this type assumed only one instantaneous pressure drop (45,92,110) in order to avoid these
complications.

Of course, a compromise could be made to make the gas bubble growth model more realistic for
altitude decompression, but somewhat more manageable than the stringent mathematical interpretation
of Van Liew. Instead of going through the rigors of calculating the tissue inert gas concentration gradient
as affected by diffusion of gas into the bubble, and the washin or washout of gas from the tissue due to
perfusion, a reasonable assumption would be that the tissue is well stirred except for a radial diffusion
zone surrounding the bubble (3). The gradient in this zone could then be apprommated by a linear
function:

oC _(Gi-Cy)

or d ) Eqn (20)
where
G the concentration of inert gas in the tissue at the outer boundary of the diffusion zone

i
Cs the concentration of inert gas in the tissue at the bubble boundary

d the width of the diffusion zone.

The derivative of the radius with time can then be calculated as:

= (@)(Pg -P1-29) - (3BT)( dt)

dt M 40
(BT)(PI 3R)

Egn (21)

o solubility of inert gas in the tissues

k diffusion coefficient of the inert gas in liquid

d width of the radial diffusion zone

P tissue inert gas pressure outside of the diffusion zone given by

—==-L;1 (Pg-Pp . . .
, Where L1 is determined experimentally
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pressure of inert gas in the breathing mix
molecular weight of the gas

universal gas constant

temperature in degrees Kelvin
coefficient of surface tension

bubble radius

T qgqg-wmw=xZ T

These models also assume pre-existing gas nuclei of such a size that surface tension does not
cause them to be re-absorbed. Mathematical models have established that a gradient is formed during
flow of gas out of a bubble, which may impede dissolution of that bubble (79). Because bubble growth
from a nucleus is not considered, this may possibly affect the gradient of dissolved gas around the
bubble, and thus the subsequent rate of growth or decay of the bubble.

Many models ignore the early growth process because it is not understood how a bubble can
grow from nothing. Since the pressure due to surface tension is proportional to the reciprocal of the radius
of the bubble, this pressure would effectively be infinite when the radius is close to zero. The pressure of
gases inside the bubble would then have to be enormous in order to balance the pressure due to surface
tension, resulting in an infinite gradient for diffusion of gases out of the bubble. Yount's model
(182,186,190) does consider the events of initiation and early growth of a bubble. These events are not,
however, assumed to have a substantial effect upon inert gas uptake or elimination, which is described by
the common exponential equation. in order to describe bubble growth from pre-existing nuclei, the
varying permeability model (VPM) (186,187) assumes that there is some sort of surface active agent that
reduces surface tension in the bubble as bubble volume decreases. When the radius, and thus surface
area, of the bubble decreases, the surfactant molecules clinging to liquid gas interface crowd closer
together. During compression, the surfactant molecules may become so tightly packed that the bubble
radius cannot decrease unless some of the surfactant molecules are expelled from the liquid-gas
interface. This resistance to the effects of surface tension is called the skin compression. While in reality
the skin compression will increase as the radius decreases, these effects are ignored in the VPM, and only
changes caused by the addition or deletion of surfactant molecules are calculated. The liquid medium is
considered to be a reservoir or sink for surfactant molecules, and changes in the skin compression are
calculated as a function of the rate of accretion or deletion of surfactant molecules from the nuclear skin
(186). It is assumed that bubbles of varying radii are interspersed within the liquid medium. Only those
bubble nuclei with a sufficiently large radius will grow in response to a given differential between the
ambient pressure and the inert gas tension in the tissue. As this differential increases, nuclei of smaller
radius may be activated. Conversely, nuclear radius may be affected by changes in the skin compression,
thereby increasing or reducing the number of nuclei that will grow in response to a given pressure
differential. The decompression strain is calculated as the number of bubbles that have grown above a
certain minimum radius. Safe decompression is predicted so that the calculated safe bubble number is not
exceeded. While this model has been demonstrated to show good agreement with data on rats and
humans (184,185), it is currently more concerned with strict prevention of DCS rather than prediction of

risk.

Finally, one of the few models to incorporate the effects of tissue elasticity was also one of the few
developed specifically for altitude. Like the others, Gernhardt (54) equates the pressure of the gases in
the bubble to the sum of the forces acting on the bubble. However, in addition to the hydrostatic pressure
and the pressure due to surface tension, he also incorporates the pressure due to the resistance of the
tissue to deformation. The tissue deformation pressure is thus defined by:

= 3.H
TD = 4nR ? Eqn (22)
where

R radius of the bubble
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H bulk modulus of the tissue expressed as the ratio of the change in pressure to the change in
volume

Tissue inert gas content is assumed to be perfusion limited, while gas content of the bubble is diffusion
. limited. The change in the volume of the bubble is found by:

dv _oAD(Pr-Pp) v dPp
dt hPg Pg dt Eqn (23)

where

o solubility of gas in the tissues

A surface area of the bubble

D diffusivity

Pg pressure in the bubble, defined as the sum of the hydrostatic pressure, pressure due to surface
tension, and the tissue deformation pressure

\ initial volume of the bubble
h effective thickness of the diffusion barrier between the bubble and the tissues

Pt inert gas tension in the tissue, given by

Pr=Pg + [x(Pg - vt) - Po][1 - exp(-Qt 3—‘:)}

Eqn (24)
where
Po initial inert gas tension in the tissue
X fraction of inert gas in the breathing mix
v rate of ascent
1 time
Q effective blood perfusion

Ob  solubility of the inert gas in the blood
Ot solubility of the inert gas in the tissue

These equations, like Van Liew's, are highly interdependent.

Most of the models described up to this point have given an output of a particular decompression
strain, whether this be tissue ratio, evolved gas volume, or bubble radius. In order to relate this strain to a
probability of DCS, the methods of maximum likelihood have been developed (144,157,158,166). Using
a maximum likelihood analysis, the parameters of any given model are adjusted such that the theoretical
predictions are as close as possible to the actual outcome of a selected database (177).

As is evident, the algorithms used in the determination of the decompression strain, and in the
assessments of the effects of this strain, can become quite complicated and tedious. One way to
circumvent the need to perform all of these calculations is to develop an analog. These operate on the
principle that many physical systems are governed by the same mathematical laws. Therefore, a system in
which quantities are directly measurable (unlike the human body) can be used to represent the body.

Analogs for decompression were originally developed as a way to advise divers having no contact
with the surface. Because it is inconvenient for a diver to carry a dive table, and it is rather difficult to put
meters on the body to the alert the individual to what is going on, the next best thing was to develop a
system that would respond to the environment in a way similar to the human body and that would
conveniently display its internal data. Since most of the models that had been used to develop the dive
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tables relied upon the assumption that the uptake/elimination of gas from the body is a time-based
function, it was reasonable to try to find a physical system in which the change of a particular parameter
could be predicted by the same equations. Fortunately, there are many such systems from which to
choose, the basic governing equations being modified only for constants and initial and boundary

conditions.

Electrical systems have also been used as analog for the human body (106,107,139). In these
systems voltage is related to gas pressure, current to gas flow (mass per unit time), resistance to gas
diffusion resistance (pressure per unit gas flow), and capacitance to gas volume (gas mass per unit
pressure). The great advantages of electric analog over other types of analog is that there are no moving
parts, and they can be sufficiently time scaled to be used for predictive purposes as well as for real-time
applications. One disadvantage is that they are quite sensitive to temperature. This would not normally be
a problem, as most offices are temperature controlled. Unfortunately, most electric analogs will give the
same predictions as the simple exponential used by most tissue models. There is no method to calculate
the volume of gas that could come out of solution. A non-linear element would need to be introduced in
order to mimic the effects of a separated gas phase on the elimination of inert gas from the system.

There are several disadvantages to analogs that would make them less desirable as a predictive
tool for DCS:

« There is the possibility of mechanical failure, or the deterioration with time of moving parts.

+ Most of them are designed for real-time applications, which would make using them for prediction
of DCS rather difficult.

« Any decompression strain predicted by these analog would still need to be related to the severity
or risk of DCS. A hybrid computer would then be required, with the analog part producing the
decompression strain, and the digital part interpreting the risk of decompression sickness.

- There s currently no way to deal with the effect of phase separation on off-gassing.

6. ALTITUDE DECOMPRESSION COMPUTER CONCEPT DEFINITION

Development of the current altitude decompression computer concept has evolved during the
course of this project. Analyses of operational requirements and various approaches to DCS risk
assessment were used as a basis for defining the framework of the Armstrong Laboratory's altitude DCS
model development efforts. This section reviews the results of the concept definition portion of the
feasibility study. First the requirements and model development guidelines are reviewed. The remaining
material in this section describes how these were translated into a conceptual altitude DCS model. The
concluding sections address the implementation and evaluation of the preliminary model developed

"during this effort.
6.A. Requirements for an Operational Altitude Decompression Computer

The basic concept of the altitude decompression computer has already been presented. To
reiterate, the altitude decompression computer will serve as a standardized too! for assessment and
management of DCS risk in USAF flight operations. The same computer will also provide a standardized
approach for risk management in altitude chamber training and research operations. A similar computer
could also be used for managing DCS risk associated with extravehicular activity onboard the Shuttle and
Space Station Freedom. The final implementation of these devices into operational systems may take
several forms. For instance, mission planning and support may be accomplished on desktop computers or
portable laptop systems on the ground before and during the flight while cockpit or pressure-suit-
mounted devices could provide real-time input to the aircrew during flight.
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An analysis of potential applications for the envisioned altitude decompression computer was
used to identify the key requirements that must be addressed for successful development of the desired
product. These requirements are discussed below.

Requirement #1:

The system must provide a relative assessment of the risk of altitude DCS rather than a simple
yes/no prediction of impending DCS. One of the primary outputs should be the estimated probability of
getting DCS for a given flight profile, expressed as a percent. This is necessary to allow evaluation of
available options where, under certain circumstances, accepting a high risk of DCS may be the least costly
alternative.

Requirement #2:
The system must also be capable of providing information about how to maintain the risk of DCS

within user-defined acceptable limits. This may be in the form of answers to questions such as: How much
prebreathe is required? What is the maximum safe altitude and/or duration at altitude? How does changing
cabin and/or pressure suit differentials affect the risk of DCS?, eic.

Requirement #3:

The software in the final version must be compatible with implementation in multiple
configurations. This may include different hardware platforms as well as different user interfaces,
depending on the particular requirements for each application.

Requirement #4:

The operational systems must be structured in such a way that subsequent software updates can
be readily incorporated. Improvements in both the spectrum of scenarios that can be evaluated by the
model and the accuracy of these evaluations are expected based on operational experience and future
research. This requirement will provide a means for easily transitioning these improvements to the field.

7. ALTITUDE DCS MODEL DEVELOPMENT GUIDELINES

Along with the above design requirements, a set of guidelines were developed for the altitude
decompression computer development process. These guidelines were distilled from analyses of: 1)
previous experience in decompression model development in both the hyper- and hypobaric fields; 2)
the differences between these fields as mentioned earlier; and 3) DCS protection options for current and
future operational missions. The guidelines are summarized below. Details on the rationale behind the
guidelines are provided in the discussion that follows on the structure of the proposed model.

Guidelines for altitude decompression computer development:

1. Modeling efforts should be based on physiological and physical mechanisms to the greatest
extent possible, not just a curve fit of available data.

2. The software shall have a modular framework to facilitate evaluation and incorporation of multiple
algorithms.

3. Development of the model/computer shall proceed in an evolutionary fashion with verification of
each phase as it is developed.

4. The initial model development work should be based on existing databases and relevant in vitro
data, with refinement based on additional research where necessary.

5. The final version of the model must be validated using a selective series of human altitude

chamber trials that adequately covers the broad spectrum of exposures that the model will be
used to evaluate.
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8. STRUCTURE OF THE CONCEPTUAL ALTITUDE DCS MODEL

The development of the altitude decompression sickness risk assessment model has been
influenced by the basic guidelines given above. Of primary importance is the goal to develop a model
based on physiological and physical principles rather than relying on a purely empirical foundation. This
theory-based approach should provide better reliability when extrapolating the model's predictions to new
scenarios for which experimental data is not currently available.

However, since the precise mechanisms of decompression sickness have not yet been defined,
we must compromise somewhat between the two approaches. To do this, we propose to implement -
mathematical representations of the relevant physical and physiological processes associated with altitude
DCS. These mathematical expressions will yield numerical outputs that can then be combined to provide a
composite estimate of the "DCS stress" imposed on a crew member by any given flight profile. Finally, the
calculated DCS stress will be correlated with physiological outcomes, e.g., incidence, severity and latency
of DCS and venous gas emboli, through the use of appropriate statistical techniques. These calculations
may be modulated either directly or indirectly by additional calculations that provide a means of accounting
for predisposing factors and individual variability. This conceptual structure is shown in Figure 10 below.
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Exposure Variables

Prebreathe Time
Ascent Rate
Max Altitude
Time at Altitude
% Breathing Gas
Descent Rate
Exposure #

Time at Ground Level

Individual bias
- age

- gender

- fat

- history of DCS

©| OPEEEEEE

% DCS Risk
100%
20%
0%

Figure 10. Conceptual Altitude DCS Risk Assessment Model.
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This "quasi-physiological" model is being developed in an evolutionary process using a modular
framework to allow incorporation and evaluation of multiple algorithms, testing various approaches from
several existing models, and composed of the following gross components:
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Figure 11. Gross component of working model.
9. PRELIMINARY DCS MODEL DEVELOPMENT EFFORTS
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different exposure conditions, the various predictive algorithms may be combined through an appropriate
weighing scheme. The final output is in the form of an estimated probability of getting DCS expressed as a

number between 0 and 100 percent. This represents the basic altitude DCS model. Further research and
Along with this modular framework, our approach emphasizes verification, validation and

subsequent refinement of the various portions of the model in an iterative fashion throughout the
The preliminary modeling efforts accomplished during the feasibility study were undertaken as an
exercise {0 support the following objectives: 1) familiarization and evaluation of previous approaches to

The core of the model consists of inert gas exchange algorithms coupled with equations governing the
dynamics of gas phase separation and bubbie growth. Since different mechanisms may be dominant for
development process. Initial validation will be accomplished by comparing model predictions with
modeling DCS; 2) demonstration that development of an altitude DCS risk assessment model is

experimental DCS outcomes from available databases. Ultrasound imaging data, such as that reported by
Olson, Webb and others (117,125,174) will be used to validate the bubble growth portion of the model.

For final validation of the entire model, an appropriate number of manned altitude chamber tests will be
required. Once the model has been proved in this manner, the prediction equations will be implemented

in software on computer systems that can be used by operational personnel.
technically feasible; and 3) identification of the critical areas where additional research is required. Thus

development could expand this concept to provide additional information on predicted severity and

latency of symptoms and efficacy of available DCS risk reduction procedures.



the development and implementation of these computer models provided the practical exercise
necessary to tie all phases of this study together. With the conclusion of the feasibility study, this
preliminary modeling work becomes even more important, since it provides the foundation from which will
evolve the full-scale altitude DCS model and, in turn, the operational altitude decompression computer.

Detailed discussion of both the theoretical development and computer implementation aspects of
the modeling effort are presented below. First, however, an overview of the entire model is presented.
This overview should allow the non-technical readers to get the flavor of the process without getting
bogged down in the technical details. The overview section should also better prepare those readers
interested in the more technical aspects of the model for the subsequent discussion of the theory and
implementation. This section of the report concludes with a discussion of some of the results obtained
with the current model. It is emphasized that this preliminary model was developed for feasibility
assessment purposes rather than for absolute accuracy. Verification and documentation of this software is
still in progress. The results obtained from this modeling effort must therefore be evaluated accordingly.

9.A. Overview of DCS Model Development

Many decompression models have been created to delineate the boundaries of DCS. These
models have been used to produce decompression procedures (decompression tables) for diving. While
the diving models provide a basis for developing an altitude model, important issues not addressed in
decompression procedures for diving must be taken into consideration for altitude.

One important difference between the requirements for decompression procedures at altitude
versus diving is the nature of the mission. A diver usually begins a mission by descending to some water
depth. During a diver's descent and bottom time there is no risk of DCS. The risk is during the return to sea
level and after surfacing. At that time the mission is over and decompression time can be extended at will.
Thus, most diving decompression procedures are based on a binary yes/no output. It is generally
accepted that the form of DCS associated with altitude exposure is milder than that associated with diving.
In many flight missions an aircrew must deal with other risks in addition to DCS. Because of these
differences and depending on the nature of the other risks, an aircrew may accept relatively high levels of
DCS risk. Thus, an altitude decompression model must output a 0% to 100% scale of risk rather than a
binary response.

The overall objective of all decompression procedures is the prevention or reduction of DCS
injury. In the diving field, since Haldane's classic work was published in Boycott et al (1908), there have
been decompression guidelines (tables). For over 30 years, the Standard US Navy Air Decompression
Tables have been the world standard for DCS prediction and prevention in the diving world. The diver can
either look up in a table what needs to be done in decompression, or consult a dive decompression wrist
computer that provides decompression information. It is estimated that over 50% of recreational divers
now wear dive computers. Similarly, the USAF altitude decompression computer development is aimed at
hardware and software to guide exposure to the low-pressure environment.

In contrast to the diving field, the aviation field has never had an organized, standard approach for
predicting decompression sickness risk. Currently, in response to an inquiry concerning the DCS risk for a
new or unusual altitude exposure, one of three approaches is used. A literature search can be initiated to
find a matching study in a “scattergram” of over 50 year of DCS research. This is time-consuming and, -
often, unsuccessful. If the question is of high priority, a study specific to that issue can be initiated. This is
also expensive and time consuming, but will most likely provide the answer. Most often, however, the
“best guess” approach on an individual’s memory and experience is used. A more rational approach would
be to take this wealth from the last 50 years of DCS research and use it as the basis for the development of
an altitude decompression model to serve as the operational “standard” for the altitude field.
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The current development of such an altitude decompression computer has the following
objectives provide:

1. "Cockpit or pressure suit" real-time readout of DCS risk under constantly changing conditions.
2. Capability for evaluating various options in high-altitude mission planning.
3. Atool for improved altitude chamber crew safety and manning control.

4. Desktop DCS risk analysis capability.

The immediate goal of this effort is to define the architecture (or framework) and the algorithms (or
software) for the decompression model. The final product will be a software package that will serve as the
altitude decompression "standard" and will lead to hardware development to provide the USAF with DCS
risk assessment capability for a variety of operational settings.

The preliminary altitude DCS risk assessment model developed during this feasibility study -
(hereafter referred to as the Model) predicts the probability of getting DCS-based on principles of
perfusion-limited inert gas exchange and diffusion-mediated growth of an evolved-gas phase. Actually,
the current Model has three different models (or algorithms) that provide three different estimates of risk.
These risk prediction algorithms were developed based on a sub-set of the previously recorded
experimental DCS data stored in the Armstrong Laboratory's Hypobaric DCS Database (170). The data set
used for the current model covers a total of 404 subject exposures on 13 different altitude chamber
research protocols. All protocols employed male volunteers who performed minimal to moderate exercise
during 6-8 hr exposures to simulated altitudes ranging from 9000 to 30,000 feet. The informed consent of
each subject involved in these experiments was obtained in accordance with Air Force Regulation 169-3.

The general flow of the Model is shown in Figure 12. The process begins with the user entering
the various mission parameters such as: duration of prebreathe, if any; ascent rate and exposure altitude;
mission duration; and percentage of nitrogen in breathing gas. The software then computes two
measures of DCS stress that are converted into three estimates of DCS risk or probability of getting DCS
during the exposure, based on the three different dose-response equations. At this point we have not
addressed issues such as severity and latency of DCS or factors such as exercise, age, and other

parameters that may affect individual susceptibility.
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Figure 12. Armstrong Laboratory Altitude DCS Model.

The first measure of DCS stress calculated by the Model is the Haldanian tissue ratio (TR) that
gives the ratio of the partial pressure of nitrogen in body tissues (PN,t) just prior to decompression to the
ambient environmental pressure at the exposure altitude. This is computed by calculating the PN,t for
each time step based on the standard perfusion-limited exponential gas exchange algorithm. Following
the traditional approach used in previous DCS models, we mathematically represent the body as multiple
tissue compartments with different nitrogen washout halftimes. Aithough the model is set up to handie
multiple-tissue half times, to date, all of our prediction equations have been based on a 360 minute half-
time tissue.

The second measure of DCS stress is based on an estimate of the maximum volume of evolved
gas per unit tissue developed during the decompression and is denoted as Viax- The use of this
parameter, rather than just looking at the size of a single bubble, is based on the assumption that the total
gas load imposed on the tissue should be a better indicator of impending DCS. Also, this parameter may
be better suited for future comparison with experimental venous gas emboli grades recorded using
ultrasound echoimaging and Doppler systems. The volume of evolved gas is computed by calculating the

33




radius of a hypothetical spherical bubble composed of nitrogen gas for each time step. The bubble growth
equations in our model are based largely on the work of Gernhardt, Van Liew and Hastala. The bubble
growth dynamics are governed by: 1) conservation of mass between dissolved and gaseous nitrogen; 2)
force balances between the ambient pressure outside the bubble, the internal pressure of the gas in the
bubble and the forces due to surface tension and tissue elasticity; and 3) expansion of the gas in the
bubble due to Boyle's Law effects. The calculated bubble radius is then used to estimate the total volume
of evolved gas per unit tissue for each time step based on an assumption of uniform bubble density
throughout the tissue. The time-based volume data is then compared to select the maximum volume
encountered during the altitude exposure.

The two measures of DCS stress, tissue ratio and maximum volume of evolved gas, serve as
inputs to the three correlation equations used to independently predict the probability of getting DCS.
These equations describe the well known, sigmoidally shaped dose-response curve given by the Hill
equation (73). Each of the equations has a different set of coefficients that were determined by non-linear

least squares regression techniques.

in an attempt to incorporate the concept of DCS latency and to partially account for the individual
variability of DCS outcome across subjects for a given exposure, we also computed a third estimate of
DCS stress. This third parameter may be defined as the volume of evolved gas/unit tissue at the time of
DCS onset for each subject and is denoted V. ;. For those subjects who did not report any DCS
symptoms during the entire exposure, the value of V., was set equal the maximum volume, V... . The
same non-linear least squares regression analysis was then used to determine a new set of correlation
equation coefficients based on the V t data for each of the 404 subject exposures. This represents
the third dose-response curve implemented into our model. Although the coefficients for this last
equation were determined using the V. data, it is impossible to know beforehand if or when a given
individual will get DCS symptoms. Therefore, when analyzing new exposure profiles with the Model we
use the maximum volume of evolved gas, V......, as input to the Vonset sk prediction equation.

9.B. Theoretical Development of the Underlying Mathematical Models

This model makes the assumption that stable bubble nuclei exist in tissue. The model then
describes the growth of bubble nuclei in a thoroughly perfused tissue. The theory used in the model is
described in detail below starting with the definition of perfusion and what perfusion describes
mathematically. The theory then derives the equations used to describe the diffusion of gas into a bubble.
A relationship is then found for the growth of a bubble as gas diffuses into the bubble. Since gas bubbles
can grow not only as a result of diffusion but also as a result of changes in ambient pressure as described
by Boyles law, a relationship is found between the growth of a bubble and the change in ambient
pressure. Finally, as nitrogen diffuses into a bubble, tissues are depleted of nitrogen. Therefore, an
equation is found that accounts for the nitrogen lost from the tissue due to diffusion into gas bubbles.

All equations implemented in the program are marked with an asterisk. The implementation
section of this paper discusses how the equations are implemented in the program to predict DCS.

B.1. Perfusion
A mole balance can be done on a tissue to determine the rate at which the gases are entering and

leaving a tissue. In this case it is assumed that tissues are perfusion limited in the exchange of gases. The
following equation expresses the rate of gas exchange in the case of perfusion.

P =P, + (P, - Pp) exp(k) Ean (25)
where
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P = the partial pressure of the gas at time t

Pa = the partial pressure of the gas entering the tissue

Po = the partial pressure of the gas in the tissue at time t=0
k = the time constant which is related to tissue half time

The perfusion equation can be thought of in terms of a perfectly mixed tank as shown in Figure 13.

aQ P, AV B a,Q P
—_— I

Figure 13. Perfusion

Blood with a certain concentration of nitrogen flows into the tissue, which mixes the blood such that every
point in the tissue has the same concentration of nitrogen. Since the volume remains approximately
constant the same amount of blood must leave the tissue as enters the tissue. Doing a mass balance on

the tissue the following expression is obtained:

Change in volume of N; _ Volume Noin _ Volume N; out
time time time

or
oV % = 0, Q(®P,-P;)
Eqn (26)
where
o = solubility of nitrogen in tissue
Oh = solubility of nitrogen in blood
Q = flow rate of blood into the tissue
Py = partial pressure of nitrogen in the blood
Py = partial pressure of nitrogen in the tissue
t = time
\' = volume of tissue

Letk= ®b Q/( Ot V), then the following first order differential equation is obtained:

dPe _ k (P,- Py

dt Eqgn (27)

with the initial condition:
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Py(0) = Pyg Eqn (28)

This can be solved by separating the variables time and tissue pressure P; and integrating the time and

tissue pressure.
f (PdPtP - fk dt
a-Py) Eqn (29)

After integrating both sides of the expression above the following expression is obtained:

In(P, - Py =kt + Cy Eqn (30)
where C, is an integration constant. The expression is then solved in terms of tissue pressure as:

Py(t) = P, - C exp(-kt) - Eqgn (31)
Using the initial condition the constant C can be determined.

P{0)=P,-C Eqn (32)
Substituting in the expressions for k and C the following expression is obtained.

Py(t) = Py + (Py -Pyexp (%t%i)
Egn (33)

The constant k is usually reported in terms of a tissue half time where the tissue half time is the amount of
time required to reach half the final change. This occurs at the time t=ht when the exp(k ht) equals one half

as shown below.

kht)=1
exp(*k ht) 2 Egn (34)

k = oy Q — 0.693
oV ht Eqn (36)

B.2. Bubble Diffusi

It is thought that gas diffuses into and out of a bubble down a diffusion gradient. The flux of gas
exchange between a bubble and the tissue is described by a form of Fick's law.

J=p4AC
AX Eqn (37)
;_DC-Cy
h Eqn (38)

J = Molar flux of gas
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D = Diffusivity

G = Concentration of gas in the tissue
Cp = Concentration of gas in the bubble
h = Effective thickness of diffusion barrier

Fick's law can be manipulated into a more convenient form using Henry's law. Henry's law states
that the concentration of a component in liquid phase is equal to some constant times the partial pressure
of that component in the gas phase.

k P.=C. Egn (39)

The Henry's-constant k; can be replaced by the solubility coefficient a;. Henry's constant k; has units of
moles per volume liquid per unit pressure whereas the solubility coefficient has units of volume of gas per
volume liquid per unit pressure. The ideal gas law can be used to relate the two at the standard conditions
of the solubility coefficient as shown below.

Ki = 8(Pg/RT)gtang Eqgn (40)
G, = aP(P/RT)gang Eqn (41)

Since standard conditions are usually taken at one atmosphere the equation becomes:

Ci = o;P; 1
(R T)stand Eqn (42)

Care must be taken not to confuse units since the value of the solubility coefficient must be expressed in
terms of atmospheres, otherwise a conversion factor is needed.

This derivation is mostly concerned with nitrogen, although the same equations apply to other
gases. Figure 14 illustrates the flux of gas into the bubble under perfusion gas transport. By substituting
the expression for concentration (42) into equation (38), Fick's law becomes:

J= aD(Py-P,)P/RTh Eqn (43)

Tissue
Bubble \ \
\

o 6 Ila o O Ila

Figure 14. Bubble Diffusion

Where
J = Molar flux of gas
D = Diffusivity
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= Effective thickness of diffusion barrier between the bubble and the tissue
= Partial pressure of gas in the bubble

= Partial pressure of gas in the tissue

= |deal gas constant

= Temperature

= Solubility of gas in the tissue

=T I
'

Multiplying the equation for Fick's law in terms of partial pressure by the area of the bubble
interface gives the number of moles of gas n per unit time diffusing into the bubble.

_GAD(P-Py) _gn
RTh dt Eqn (44)

JA

Assuming nitrogen obeys the ideal gas equation (45) and taking the derivative of the number of
moles with respect to time at constant temperature (49), the following expression for the change in
number of moles with respect to time is obtained:

. Y

! T Eqn (45)
dn _ _lldl+ Vv _dby
dt | RT dt RT dt Egn (46)

Exp'ression (23) can be equated to the flux equation (43). The gas constant and temperature
cancel and the flux equation becomes:

aAD(;t'Pb) _ Pbﬂ_'_vgﬁ__b
In this derivation it is assumed that bubbles are spherical. The surface area and volume of a spherical
bubble are:

A=4n 12 Eqgn (48)
V = 43
3 Eqn (49)

The derivative of the volume of a bubble with respect to time gives the following expression.

av _ 2 dr
dt 4 r dt Eqgn (50)

The equations for the volume, area, and rate of change of volume for a spherical bubble were substituted
into the flux equation to give the expression below.

eDE-P) _par

dPy
dt dt

Ny

Egn (51)

Next, a force balance is done on a bubble. There are four forces that must be balanced. The
hydrostatic pressure from the environment acting on the bubble acts as an inward force on the bubble.
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The surface tension of the bubble also generates an inward force that tends to shrink the bubble. Also,
the tissue elasticity resists bubble growth.

Hydrostatic pressure is the pressure of the environment or the barometric pressure. The pressure
due to surface tension is defined as 2 &/r, where & is the surface tension and r is the radius of the
bubble. The pressure as a result of tissue elasticity is defined as Hanr>/3, where H is the bulk modulus for
the tissue. The pressure of the gas inside the bubble can be divided into two parts, the partial pressure
due to nitrogen and the partial pressure due to other tissue gases (oxygen, carbon dioxide, and water).
The bubble pressure can be equated to the three opposing pressures due to hydrostatic pressure,
surface tension, and tissue elasticity.

P|,+Ptg=Ph+%+‘4—7£—r—3—Ii
3 Eqn (52)

3
4pr°NH/3 = (N(bubNtiss)'AVbub'AP)/ (ViissMtissue

where
N = # of bubbles/ml in tissue
Pp = partial pressure of nitrogen in the bubble
P,[g = partial pressure of other gasses (O,, H,0, CO,) in the bubble
Pg, = hydrostatic pressure of the surrounding environment
= surface tension of the bubble interface
r = radius of the bubble
H = bulk modulus of the tissue

The bubble equation (52) is solved for P}, and the derivative taken with respect to time holding
Ptg and Py, constant to give the following expression.

dPy (-ﬁ + 4nr2H)QI—

dt 12 dt Eqn (53)

This expression can then be substituted into the expression for gas diffusion (51) into the bubble
to arrive at the expression below. ’

aD @ -Pp) _ (Pb~ 25 +4nr3H) dr

h - 3r 3 dt Eqn (54)

This equation can be solved in terms of the derivative of the radius, or the rate of change in the radius.

dr _ o D (P; -Py)

dt ( 28 4nr3H)
h Pb 31'+ 3

Egn (55)*
The above expression expresses the rate of bubble growth as gas diffuses into a bubble, but it does not
account for free expansion of a gas as a result of a change in pressure. Boyle's law describes the free
expansion of an ideal gas at constant temperature moving from state one to state two.

PyVy=P5V, Eqn (56)
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Boyle's law can be applied to a spherical bubble by substituting equation (26) for the volume of a sphere
into equation (56).

Using equation (34) and equation (29) for the force balance on the bubble, an expression is obtained that
can be used to predict the final radius r, of a bubble for a change in ambient pressure. Equation (35)
requires iterative numerical methods to solve for the value r,, which satisfies the expression below.

_ 26 AnHD np_
f(r2) =Py + n T3 (Py + Pegh (rz) 0 Eqn (58)*

The perfusion equation describes the exchange of nitrogen with the environment; however,
nitrogen may also leave the tissue phase and move inside the bubble. The nitrogen balance becomes:

(moles N, in tissue),; = (moles N, in tissue);, + (moles N, diffused into bubbles) Eqn (59)

Ny = Nyo + Npo Egn (60)

The number of moles of nitrogen in the tissue is described by a form of Henry's law similar to equation (42)
except concentration is expressed as Cy = ny/Vy.

= (latm
n = a: P V;
( RT Jan Eqgn (61)

The number of moles of nitrogen that move into the bubbles is described in terms of the ideal gas law by
equation (62).

h - P (AV N)
27 " {RT Eqn (62)
AV = M
3 Eqgn (63)
where
Pp = pressure in the bubble
Py = pressure in the tissue
AV = change in volume of a single bubble
N = number of bubbles per volume of tissue
Npo = change in number of moles of nitrogen in the bubble
N = number of moles of nitrogen in the tissue

Substituting the relationships for n, and n,, equations (61) and (62) respectively, into the nitrogen
balance, the following expression is obtained for the partial pressure of nitrogen in tissues as a result of
gas diffusion into bubbles.
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NP,4n(3-5)
o3 Eqn(64)*

(Pth)Z = (Pth)l -

The value for N, the number of bubbles per ml of tissue, is not known, so a value of 1000 bubbles/m| of
tissue was assumed. It is not clear if this is a reasonable guess or not.

B.4. Correlation with

Once a model for predicting the growth of bubbles in tissue was developed, the incidence of DCS
was correlated with a DCS Database. The exact mechanism of DCS is not clearly understood. It is thought
that DCS is related to inert gas bubbles developing in tissue. However, different individuals will not all
bend under the same circumstances. Furthermore, the same individual may bend one day and may not
bend another day under the same exposure. In order to quantify this irregularity, it is necessary to take a
statistical approach and report the incidence of DCS for some exposure.

The Hill equation (42) is one method that has been used for relating incidence of DCS to
exposure dosage D. The exposure dosage can be any parameter related to decompression sickness,
such as tissue ratio or bubble volume.

p__ Do
D" + D, Eqn (65)*

When dosage D in equation (65) is equal to zero, the expression returns a probability of zero.
When the dosage is infinite the probability is one. Thus, this expression bounds the probability between
zero and one. The value Dgg is the value at which there is a 50 % probability of DCS. The value of D
determines the infiection point of the sigmoidal curve and also determines the steepness of the curve.

This equation can be linearized by inverting the expression and taking the logarithm of both sides
of the expression.

1 _ 1 23.9.
2 + T Eqn (66)
log (il). - 1) = log(D3) -alog (D) Eqn (67)

Equation (67) is in the linear formy = mx + b, wherem=a, b = Iog(D50a), and y = log(1/P - 1)."
Linear least squares of this expression can be used to fit DCS dosage data with incidence of DCS.

Another approach taken was the use of SAS non-linear regression on the VAX computer system.
Non-linear regression will find a better correlation of probability, since it minimizes the sum of the errors in
probability. The linear regression used in equation (44) minimizes the sum of the error of the log(1/P-1),
which is not exactly what needs to be minimized. Furthermore, it cannot be used for cases in which P=0 or
P=1.

9.C. Development, Evaluation and Documentation of the Preliminary Mathematical
Altitude DCS Model and Its Corresponding Computer Implementation

The primary objéctive of the first year of effort is the development of the first generation Model
through continued refinement and expansion of the preliminary model. During the first year,
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development, implementation and evaluation of several candidate models in agreement with our "modular
and evolutionary" development strategy will be finalized. Also during this year, it is expected that
parameter identification will be completed and a detailed analysis/evaluation of the first generation Model
using available in vitro and in vivo data will be initiated. The specific objectives for the first year require
some additional background and are detailed below.

C.1. Mathematical Model Structure
Notations:

thn : half time for nth tissue compartment (min)
r : radius of the bubble (cm)
Np : number of bubbles/ml tissue
Pnot ¢ partial pressure of No in the tissue (mm Hg)
Pnop ¢ partial pressure of Na in the bubble (mm Hg)
Ph : hydrostatic pressure (mm Hg)
ngb : partial pressure of O2+HoO+CO> in the bubble (mm Hg)
Pamb : ambient pressure of No (mm Hg)
a : solubility

: diffusivity (cm2/min)

: diffusion barrier thickness (cm)

D

h

d : surface tension (dyne/cm)
FnoIN ¢ inspired fraction of No
p

V

H : bulk modulus for the tissue ((dyne/cm2) (ml tissue/ml gas))
S : standard pressure (mm Hg)

k : time constant related to tissue half time

TR : tissue ratio
b : volume of the bubble (cm3)

1 : time (min)

o : conversion factor = 7.51 x 10-4 (mm Hg)/(dyne/cm?)

Any relatively complete mathematical DCS model should account for at least the following
phenomena: a) perfusion-limited inert gas exchange between blood and tissues (Haldanian model), b)
the diffusion of inert gas across the tissue/bubble interface (Ficks' law), ¢) gas solubility, d) diffusivity, e)
surface tension, f) tissue elasticity effects, and g) free expansion of a bubble due to decompression in
accordance with Boyle's law. The preliminary model described in the feasibility study attempted to
incorporate all of these factors. Previous investigators derived bubble growth equations (a collection of
equations that describe the phenomena) using different assumptions, and hence obtained ditferent
models. Most papers have agreed on the perfusion equation:

Pg= Pap®+ (Prni(0)- P ) €-0693t/tm
Nt amo® + (Pny amb(® ) Eqn (68)

and pressure force balance equation on a bubble.

PN2b+ Pmgb = Ph+ g.rg—-l- 4T 8
3 Eqn (69)

However, opinions vary on deriving bubble radius equations. The three models used in the feasibility
study include Van Liew's (153):
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o -an (10 Pu)(4/E. 1

Eqn (70)
and Gernhardt's (54).
ar _ 2D (Pt - Pryp)
dt 4
h(Pp- 284+ - r3H)
3 Eqgn (71)

In the third model (131,132), instead of assuming the diffusion from a planar surface as in Gernhardt's
model, the equation was derived by using spherical coordinates.

_dL _ ' aD (PNzt - Psz)
dt 4z
h(Prp - —29— 4+ —r8 L_H)
3(r+h) 3 r+h Eqgn (72)

This last approach is the one currently implemented in the preliminary model developed during the
feasibility study. The values used for the parameters D, h, a, H, N, and d in these equations need to be
reviewed. Some of the parameters are not well defined in the literature and the values used in the
preliminary modeling work are questionable. For example, the number of bubbles per milliliter tissue, Ny, is
an unknown value, and a variable diffusion barrier, h, should be considered, instead of a constant as in

" Gernhardt's equation, to account for observed differences in bubble growth rates. In addition to the

parameter identification, a more feasible bubble radius equation needs to be selected.

C2.P ter Identification Techni

Parameter identification problems such as these are optimization problems, i.e., problems of
minimizing an error criterion J(s,z,q) over parameters q in Q, subject to s satisfying the DCS model as
compared to experimental data z (from database). Here Q denotes the admissible parameter set, i.e., the
collection of parameters that satisfy all (physiology) constraints, and q is the vector of parameters that need
to be identified, g=(D, h, &, H, Nb, d).

There are two technigues that will be used in parameter identification. The first approach is the
one most commonly used in minimization: least square analysis. This method seeks to find the optimal
parameter vector q that minimizes ’

2

Jeza) = Y Is;- z;!
i Eqn (73)

where {sj} can be the probability of DCS which is a function of parameter vector g, f(D;;q), for a given
physical stress or dose D;, e.g. tissue ratio or bubble volume, and {z;} is the probability of DCS determined

from experimental outcomes in the database. Alternatively, the identification problem can be stated as
seeking the optimal parameter vector g which maximizes the likelihood function (55)

JP=Ln( TP - CRRE
i

Eqn (74)
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occurs), Pi is the probability of DCS given by DCS mathematical model for a given dose D;. The

probability Pi is a function of parameter g. The existence and uniqueness of the solution to the
optimization problems will be studied.

The reasons for using the above two techniques are as follows. The least squares approach has
been used successfully in many applications. The maximum likelihood approach has also been used
previously and is especially well suited for optimization problems involving probabilistic outcomes. When
certain conditions are satisfied, the two methods give essentially identical results. Since these conditions,
for example, the probability distribution of the variable, are not easy to check, both methods will be applied
in the model development work. Comparison of the results is expected to determine the more favorable
method. In addition, during the out-years of this program, alternative techniques such as logistic
regression and discriminant analysis will also be explored.

The mathematical model will be implemented on computers in FORTRAN. Calculations for solving
gas exchange and bubble-growth equations are relatively simple. The size of the time step used in solving
these equations will be studied to achieve minimum computing time and satisfactory accuracy. In solving
optimization (minimization or maximization) problems, one of the computational methods (Gauss-Newton
method, Marquardt method, steepest-descent method, etc.) will be used depending on the efficiency
and accuracy of the method.

9.D. Computer Implementation of the Model

This investigation approached modeling DCS by first developing a computer model to predict
physical parameters related to DCS such as tissue ratio, bubble radius and bubble volume. These physical
parameters thought to be related to DCS were then correlated with a database of experimental data on
decompression sickness. Once a link between the decompression sickness and the model-predicted
physical parameters was established, the model could predict a likelihood of DCS for a variety of flight
profiles. Figure 15 is a flow diagram of the approach taken in modeling DCS.
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Input filght parameters
a.g., initial altitude, climb rate,
fraction nitrogen breathed.

Algorithm to predict physical
parameters based on flight conditions.

Output physical parameters
such as tissue partial pressure of nitrogen,
volume of bubbles/volume of tissue, radius of
the bubbles, tissue ratio. )

information from the database on flights and
incidence of DCS In particular the Bends Screening

index and Bubble Threshold Studies.

y

Use linear least squares to correlate
the incidence of DCS to some
predicted physical parameter using
the Hill equation.

Use nonlinear regression to correlate
the incidence of DCS from the
database to some predicted physical
parameter using the Hill equation.

Output a correlation for DCS based on Output a correlation for DCS based on
predicted physical parameters that can predicted physical parameters that can then
then be integrated into the mode!. be integrated into the model.

Figure 15. Implementation.

D.1. Program

~ The program begins by entering the data for a flight profile into the program. The program
calculates and outputs a value for physical parameters such as bubble volume, bubble radius, tissue ratio,
and partial pressure of nitrogen in tissue over time. The values of these physical parameters are used in a
correlation based on the data base to predict the likelihood of DCS.

Lab View version 2.0.6 for the Macintosh, was used in solving the system of equations discussed
in the theory. Lab View is a graphical-based programming system designed by National Instruments.
Though Lab View is easy to use, more powerful numerical methods are available on the networks, such as
VAX network, which could be implemented in the program. This would decrease the amount of
programming necessary. Furthermore, the decompression sickness database and SAS (Statistical
Analysis System) is on the VAX network. Thus, the entire DCS problem could be worked without having to
import files between different systems such as Macintosh and the VAX.

The program begins by calculating an array of time points based on the duration of the stage and
the time increment desired. The program calculates the ambient pressure at each point based on
interpolation of an Air Force Altitude Pressure Table. Also, the partial pressure of nitrogen fed by the Air
Force regulator is calculated. These variables are then fed to a subroutine called "PMb," which then
calculates the partial pressure of nitrogen in the tissue, bubble radius, and bubble volume.

The subroutine "PMDb" first calculates a new tissue partial pressure at the next time step using the
perfusion model. The model then calculates a new bubble radius in subroutine "Rad" based on a Boyle's
law expansion P,V = P,V,. The value obtained for the radius is passed to subroutine "Dr," which
calculates the change in radius of the bubble due to gas diffusion into a bubble, as described by equation
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(55) in the theory section. Subroutine "Dr" uses an Euler's method integration of equation (55) defining
the change in radius with diffusion. The effect of diffusion on tissue partial pressure is calculated in
subroutine "Pt" based on equation (64). These steps are then repeated for each time step. Shown below
in Figure 16 is a block diagram of the program with the equations solved at each subsequent step.

Calculate the new partial pressure of
nitrogen after some time increment based
on perfusion gas exchange

P = Pa + (P - Pa) exr{m)

ht
Calculates a new bubble radius based on a

Boyle's law type expansion

4t H 3
fe) = P+ 28 + 2THE @, 4 py), (1Y)

3

l

Calculates a new bubble radius based on the
diffusion of gas into a bubble using Euler's
method of integration

e o D(P; - Py)
dt ( 28 L 4mH rﬂ
h\Py- 5T + =5
Calculates a new tissue partial pressure taking into

account the amount of gas that has left the tissue
and moved into the bubble

_ N4nPu(3 - r})
3a;

Pp = Py

Figure 16. Program Flow Diagram.

The Program, in addition to the main algorithms shown in Figure 15, has subroutines that support
the program. An algorithm passes data on altitude and barometric pressure called "Press vs. Alt array,"
which is interpolated by subroutine "P vs. A". Another subroutine "Reg" simulates an Air Force regulator
by passing data on the fraction of nitrogen versus altitude-based curve fit of the data obtained from
Aviation Medicine. The regulator can be turned off and the fraction of nitrogen can be entered at the

control panel.

The values used for the constants in the model are, initial radius RO = 3.0E-04 cm, surface
tension, & = 30 dyne/cm, diffusivity, D = 2.0E-08 cm2/s, diffusion barrier thickness, h = 3.0E-04 cm, and

nitrogen solubility in tissue, @; = 0.0125.
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D.2. Inteqration with Datal

Once the program for predicting the physical parameters such as tissue partial pressure, tissue
ratio, bubble radius, and bubble volume had been developed, various exposures from the database were
run. The physical parameters of the output were then correlated with the incidence of DCS reported in the
database for corresponding exposure.

Several methods were investigated for correlating the physical parameters from the model with
incidence of DCS. The first method used was a linear least squares correlation between incidence of DCS
indicated in the database and the maximum bubble volume developed for a given exposure.

Another approach investigated was use of SAS nonlinear regression of each individual's
decompression data. This approach looked at correlating each individual's DCS with the bubble volume.
This approach was statistically better, since exposures with no incidence could be used in correlating
DCS. The linearized form of the Hill equation cannot be used for exposures with no incidence of DCS.

Twelve exposure studies with decompression ranging from 9,000 to 30,000 feet with various gas
mixtures were used to correlate the model with DCS incidence data. The model output the tissue ratio,
bubble volume and partial pressure of nitrogen over the time for each exposure.

Once a correlation for the incidence of DCS was found, a subroutine was created which predicted
the probability of DCS for some exposure. After all the physical parameters are calculated for a flight
profile, subroutine "P," and "P," calculate the probability of DCS from physical parameters calculated in
the model.

T 10. RESEARCH NEEDS

The preliminary mathematical model was based on several assumptions: a) the existence of
stationary gas bubbles in tissue, b) that the body is one uniform tissue, i.e., that all tissues have the same
concentration of nitrogen, and c) constant temperature. In addition to those assumptions, the model
does not account for factors such as gas expansion driven by water vapor pressure at low absolute
pressures, variations in physiological parameters, and individual differences in the ability to withstand
tissue supersaturation and gas emboli. Integration of these factors into the mathematical model will be
attempted using the data generated by the proposed parallel in vitro and in vivo research. Once the
mathematical model is modified, parameter identification will be repeated to optimize the enhanced model.

Finally, the 360 min. tissue half-time is most commonly used in altitude decompression modeling.
This is based on empirically derived results for a few specific types of exposures. Since the Model will
serve many flight scenarios, it may be necessary to incorporate a number of tissue half-times to cover a
large spectrum of exposures. In addition, we will attempt to relate bubble growth equations to the tissue
ratio (TR) using available VGE data recorded in the AL DCS Research Database.

10.A. Verification of the Basic Physical and Physiological Concepts
upon which this Preliminary Model Is Built through in Vitro Studies

The purpose of the proposed in vitro experiments is: 1) to relate bubble dynamics to DCS
symptomatology, 2) to help develop the concepts used in constructing the Model, 3) to verify these
concepts in the laboratory, and 4) to "troubleshoot" the Model during development. It is not possible to
verify all basic principles in decompression modeling. The approach, therefore, is to identify those that
have the greatest impact on the Model and also lend themselves to investigation using in vitro
experimentation.” The following first year research effort dealing with such basic concepts will be
investigated.
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A.1. Bubble Growth

The DCS models described in the literature includes equations describing bubble growth. The
detailed derivation of the bubble growth equations is shown in Appendix A. However, in order to use
these equations, it is necessary to know the appropriate size range. To determine this range, this
laboratory has developed in vivo bubble-sizing techniques using echo imaging systems. One of these
techniques uses buoyancy or flotation rates to determine size (117, 118). In vitro sizing techniques have
also been used and include microscopic range, small gauge wires, and microspheres. Although
preliminary research suggests that the bubbles involved in DCS are, at least during the early stages, in the
microscopic range, further confirmation of these findings is required.

With bubble size in the microscopic range, optical magnification recording systems are required to
follow bubble formation and growth. In particular, equipment needed includes fiber optic light sources,
microscopes with adjustable magnification and focal length, as well as equipment to record the images
(camcorder) and process them (computer-based image analysis software).

The process of generating bubbles of known size is difficult in itself. A small altitude chamber is
necessary to simulate the exposures. However, altitude alone is not enough to produce bubbles, even
though bubble nuclei may be present. High-frequency sonic or ultrasonic shock waves can produce
bubbles in the appropriate size range. Development of the bubble generating device that mimics in vivo
- bubble formation mechanisms is more desirable. In addition, work is also in progress on developing other
bubble-generating methods, including the use of surface active materials and fat-water interfaces.

It is well known that both diffusion and perfusion play vital roles in any DCS mode! because these
processes bring nitrogen in the vicinity of a bubble. But preliminary work shows that convection currents
are also important. Quiescent fluid can have large concentration gradients that will change very slowly as
long as thefluid is undisturbed. Therefore, a method that can simulate such motion processes in the
laboratory will be developed. The ability to circulate nitrogen-laden or depleted fluid in the region of
growing bubbles may also be required. Furthermore, the relationship between bubble growth and degree
of tissue supersaturation or N, tissue ratio (TR) will be studied. Aithough it is generally believed that the
initial bubble growth phase is a rapid event (on the order of a few seconds), preliminary experiments have
shown that as the TR is lowered, bubble growth slows dramatically. Since prebreathing lowers the TR, an
aviator who has prebreathed and is on 100% O, can be at a relatively high altitude, yet may have a low TR,
resulting in bubble growth much slower than expected. In addition, the current model assumes that the
only gas participating in the diffusion process into or out of the bubble is N,. However, the effect of the
other gases, e.g., O,, CO,, water vapor, is not well understood, especially at higher altitudes. This effort
will employ techniques similar to those described above. Preliminary work has indicated that such in vitro

experiments are possible.

During the first year, the bubble growth equations described earlier were experimentally validated
using the above techniques and equipment. In addition, in combination with the ongoing in vivo
investigation, the relationships between bubble formation, bubble growth and DCS symptomatology will
be explored in an attempt to mathematically described the dynamics of the relationships.

A.2. Factors Affecting Bubble Formati

The risk of developing altitude DCS is directly related to the risk of developing bubbles in the
body. The exact mechanisms involved in bubble formation in the body have been elusive. Bubble
formation is an obvious, yet very difficult factor to include in the Model development.

it has been postulated for a long time that some kind of bubble nuclei always exists in the body,

even at ground level (65,84,85). It is not clear exactly what these nuclei are. Some think of them as
extremely small stable microbubbles, while other believe they are concentration of inert gas that form a
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"potential" for bubble formation. For several years, this laboratory has attempted to clarify the relationship
between altitude exposure and bubble formation. It is clear from this work that the transformation is not a
simple Boyle's Law phenomenon. Nucleation sites and conditions supporting this transformation are
poorly understood. There are several discrete stages in this process. Tribonucleation, cavitation, and
many other phenomena modulated by factors such as altitude and surface tension are involved in the
bubble production. Nevertheless, the potential for these nuclei to grow into symptomatic bubbles with
exposures to altitude is of prime importance to the Model development. This research will not attempt to
define bubble nuclei per se. Instead, it will focus on three factors thought to influence bubble formation:
altitude, stable microbubbles, and surface tension.

Preliminary experiments in this laboratory have shown that some microbubbles (not what most
investigators would refer to as bubble nuclei) less than 10 microns in diameter are stable and difficult to
grow with altitude exposure. Other bubbles grow spontaneously to over 100 microns when exposed to
altitude. The number and size of stable microbubbles generated by low-energy sonic shock waves at
various altitudes in fluid in which the surface tension is adjusted to that of plasma will be defined. The
number and size of these stable microbubbles in the formation and growth of symptomatic bubbles will be
examined.

Surface tension is believed to be of major importance to in vivo bubble dynamics. Walder (162)
found that subjects who were more prone to develop DCS were the ones with lower plasma surface
tension. La Place's Law dictates that the force on a bubble is directly proportional to the surface tension,
and inversely proportional to the diameter. If this were true, microbubbles could not exist. Apparently,
surface tension is only one of the factors involved. In general, high surface tension will hinder bubble
formation and low surface tension will allow bubbles to form. The surface tension can be reduced by a
number of surfactants in the body. The most obvious location is the lungs, which have high
concentrations of surfactant. In the joints, lubrication fluid can act as a surfactant. The effect of surface
tension on bubble formation and growth will be studied in vitro , exposing the fluid to altitude after surface
tension has been set to desired levels by the addition of surface-active ingredients. We propose to
mathematically describe the effects of altitude and surface tension on bubble formation.

A3. DCS Latency Period

It is well known that there is a latency period associated with DCS symptoms after arrival at altitude
(124). This latency period, which may be as long as several hours, may make short missions or altitude
chambers run relatively safe. One of the required outputs of the Model is the latency period for a given
altitude exposure. Thus, a theoretical basis for the latency period calculation is needed. The causes of this
latency period are not well understood. Latency is thought to be related to both bubble dynamics and
physiological mechanisms. Van Liew (147) has suggested that latency is due to five mechanisms:

1. The time it takes bubbles to grow to a symptomatic size.
2. A continuous process of bubble formation under conditions that permit further growth.

3. The time it takes for dissolved N5 to reach the site where it can be used by a growing bubbie.

4. The time it takes bubbles to migrate from a site where they are silent to a site where they produce
symptoms.

5. The time it takes DCS bubble precursors to migrate into a nitrogen-rich area where they can
develop.

In vitro studies have shown that the size of microbubbles in water depends upon both the altitude
at which they form and the time given to form (116). It has been suggested that latency is the result of the

49




time required for evolved gas volume (number and size of bubbles) to become sufficiently large enough
to engender symptoms. Bubbles of the size found circulating in subjects with DCS will be observed
microscopically and the growth times compared with the known latency periods.

Secondly, the proposed mechanism in which the shell of tissue surrounding a bubble into which
nitrogen is being carried by perfusion, and out of which nitrogen is leaving by diffusion into the bubble, will
be investigated and related to the latency. Van Liew (147) has derived a bubble-growth equation using
this shell concept. An estimate of the thickness of this shell may be possible by noting how close two
bubbles must be before they interfere with each other's growth rate. This shell thickness, in turn, may be

related to the latency.

10.B. Elucidation and Quantification through in Vivo Human Studies
of Specific Physiological Concepts Currently lll-defined but Necessary
for this Model Development

B.{. Exercise at Altitud

The effect of varying levels and types of exercise at altitude on incidence and latency of DCS and
intravascular gas emboli will be quantified. Exercise will be studied in terms of energy expenditure and
mechanical effects. A current AL protocol titled "Effect of Exercise on Altitude Decompression Sickness,"
will be modified to reflect the need to integrate exercise as a predisposing factor into the Model. This on-
going study has the current objective to quantify the effects of isometric and isotonic exercise both using
arms and legs on the development of altitude decompression sickness. The data from this study will be
the basis for the mathematical bias imposed on the Model. Much of the preliminary work of the protocol
has been completed (47,176). A stack-weight machine was designed and instrumented to allow
measurement of isometric or isotonic exercise performed with the arms or legs. An advanced metabolic
measurement system capable of breath-by-breath analysis of low-level oxygen consumption data was
used during subject training. Criterion tests were administered for maximal oxygen consumption (VO
max) and maximal voluntary contraction. Procedures were developed for equating and individualizing the
isometric and isotonic work by means of oxygen consumption (% of VO, max). The altitude chamber and
facilities used for this study are the same ones that have been used for human decompression sickness
studies over the past 3 decades at AL. They have all physiologic and safety monitoring equipment aiready
installed, including Doppler, 2D echocardiography, ECG, and communications pass through, as well as
video recording capability. A hyperbaric treatment is immediately adjacent to the chamber and a treatment
team is on hand during each exposure.

Both military and/or civilian subjects participate in this study. Subjects are tested and trained at
ground level to perform a specific amount of isometric and isotonic exercise using the arms or legs. They
then undergo up to three resting exposures to identify the altitude to be used for the remaining
exposures, starting with 29,000 feet. Four exposures at this selected altitude follow. The effects of the
two types of exercise, isometric and isotonic, and the effects of upper body and lower body exercise are
measured in terms of incidence and time to onset of intravascular bubbles and DCS. The endpoint of DCS
is considered as met with Grade 2 (mild-to-moderate constant pain) or any neurologic or other serious
manifestation of DCS. Subjects who do not develop DCS at altitude will remain in the chamber for four
hours. The independent variables in this investigation are the type of exercise and body region. The
dependent variables are the incidence and time of onset of intravascular gas emboli and limb pain. The
sample size of 24 was chosen based on the estimation of DCS incidence and onset times from previous
‘work. Using calculations for a binomial distribution, and a one-tailed test of significance, 24 subjects give a
power of .95 at the .05 level. With a continuous distribution, the sample size gives a good chance of
identifying a small difference between rest and exercise, and a fairly large difference between exercise
types. It is the purpose of this study to continue ongoing research of a controlled series of altitude
exposures in which the degree of exercise, as well as the type of exercise, is well defined. The method
described earlier for documenting DCS incidence and latency and quantifying in vivo intravascular gas
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emboli will be used. The results are stored in the AL DCS Database and the data will be used to develop a
method for biasing the Model for exercise.

In the event of a sudden loss of aircraft cabin pressure at high altitudes, hypoxia (decreased O, in
the inspired air) is the primary acute threat. The use of positive pressure breathing (PPB) for protection
against hypoxia at high altitudes is well established. During 100% O, breathing at altitudes above 34,000
ft, the partial pressure of alveolar O, (PO,) in the lungs starts to fall below normal sea-level pressure. At
altitude greater than 40,000 ft, the PO, becomes inadequate to maintain homeostasis unless O, is
delivered under positive pressure. PPB requirements have been established for altitudes above 34,000
ft and consist of a range of acceptable airway pressure at any given altitude (2). These requirements have
been designed to maintain PO, levels of at least 60 mmHg for routine flight, and not less than 30 mmHg
following emergency rapid decompression.

Excess nitrogen is removed from the tissue in two ways. Bubbles grow by inward diffusion of N,
from tissues. With increasing altitude, O,, CO,, and vapor pressure remain constant whereas Np partial
pressure is reduced. This enhances the tissue supersaturation and can lead to accelerated bubble growth
(beyond the Boyle's Law effect) as the N, gradient between tissue and bubble is increased (155). The
other path of process of N, from the tissue is by diffusion into the blood and transport by the circulatory
system to the lungs for elimination. This process is facilitated by breathing 100% O, prior to ascent to
altitude and during the exposure. Interventions that increase the rate of N, elimination from the body may
decrease DCS risk. These interventions include exercise, head-out immersion, supine body position,
raised ambient temperature, negative pressure breathing and vasodilator drugs (7). The physiological
mechanisms=by which these interventions accelerate N, elimination are increases in cardiac output and
tissue perfusion.

Positive pressure breathing has been shown to decrease Xenon 133 (Xe,33) elimination from
adipose tissue (7) and, thus, may impair elimination of other inert gases as well. lts effect on N, elimination
has never been investigated. However, PPB is known to increase peripheral pooling in the C|rculat|on and
reduce cardiac output, thus, potentially reducing N,, elimination and increasing DCS risk.

At altitude, the total (cumulative) N, elimination is rapid during the first 10 min of 100% O
breathing then continues at a slower rate (107). That is, the slope defining the relationship between time
at altitude and N, elimination will change at altitude requiring PPB, and N, elimination will be at a slower
rate with PPB above 30,000 ft than without PPB below 30,000 ft. Thus, at the higher altitudes, the risk of -
DCS may be higher and the PPB effect may need to be incorporated into the Model.

In addition, in order to remove hypoxia as a variable, we will determine whether O, delivery to the
brain is sufficient by continuously monitoring transcranial arterial oxygen saturatlon (Sa0,). Little
physiological data on O, Ievels exist for human exposures to these high altitudes involving PPB.

The independent variables in this investigation are exposure altitude, exposure duration, and use
of positive pressure breathing for altitude. The dependent variables are the incidence and time of onset of
DCS and intravascular gas emboli as detected by precordial echo imaging/Doppler.

Whole body nitrogen elimination measurements have limited vaiue in DCS research because they
are a blend of off-gassing nitrogen from all anatomical areas and, therefore, cannot be correlated with
specific symptomatology. For example, during exercise, N, elimination from the vast muscle tissues is
several orders of magnitude greater than other tissues and can overwhelm the measurements. Such
readings will tell us little about joint tissues, neurological tissues, etc., that are of great importance to the
clinical condition. On the other hand, in order to compare N, elimination with and without PPB, a system
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for quantifying N, elimination from the body is useful and will be developed in this program. This will
include techniques for sampling and analyzing N, in the inspired and exhaled gas throughout the
experiment.

11. AREAS REQUIRING FURTHER RESEARCH
The following areas require further research:

Gas exchange issues

Evolved Gas Dynamics and Phase Separation Issues
Methods of estimating DCS stress or "dose"

Methods of calculating physiological response to DCS stress
Methods for incorporation of pre-disposing factors
Consolidation of existing experimental data

Mmoo w»

11.A. Research Requirements in Support of the Model Development

The feasibility study pointed out several major deficits in our knowledge base of information
required for successful development of the Model. This lack of information exists both in basic knowledge
and in the AL DCS Database. Although other important deficits exist, four areas are especially important to
the Model development and are, therefore, included in this proposed research program. These areas
include: a) processes governing bubble formation and growth, b) DCS above 30,000 ft and the effect of
positive pressure breathing on denitrogenation, ¢) exercise at altitude as a predisposing factor, and d) the
effects of repetitive altitude exposures on DCS risk.

A1 Pr overnin le formation and growth

The vast majority of basic information on bubble dynamics is derived from the hyperbaric field. The
formation and behavior of gas bubbles in the low pressure environment is different than in the high
pressure environment and is not as well documented. Although many diving decompression models rely
solely on Haldanian theory, it is clear from the feasibility study that bubble dynamics must be incorporated
into the altitude Model. Therefore, the basic assumptions on bubble formation and growth will be
evaluated with in vitro experimentation. The size DCS bubbles grow to, bubble rates altitude, bubble
formation requirements, the effect of surface active substances, and other questions are pertinent to the

Model development.

A2.D OV f nd the eff f PPB on denitrogenation

Essentially no reliable DCS database exists today for DCS and bubble formation above 30,000 ft.
Such empirical data are crucial to the development of the model. Without it, the applicability of the model
would be limited to below 30,000 ft. Thus, one of the major first-year goals is to expand the DCS Database
to the higher altitudes.

In addition to the lack of databases for the higher altitudes, basic denitrogenation information is
not available. For the lower altitudes, the relationship between altitude and whole body N, elimination has
been documented and appears to be linear after the first 10 minutes (108). At higher altitudes, and
especially at the altitudes requiring PPB, this relationship is undefined. The slope defining the
relationship between altitude and N, elimination may change and N, elimination may be lower with PPB
above 30,000 ft than without PPB below 30,000 ft. Thus, at the higher altitudes, the risk of DCS may be
higher. The basic algorithms of the Model may require modifications with increasing altitudes.
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A3, Exerci litud lisposing fact

It is well established that exercise affects a person's altitude DCS tolerance (51). Gray (58), for
example, showed in 1943 that a person's DCS threshold can be lowered by as much as 5000 ft by
exercising at altitude, and that the relative importance of DCS as the cause of forced descent from altitude
increases with exercise (57,58). Unfortunately, very little quantitative data are available in the literature
(33,94,96,156). Therefore, the degree of threshold change cannot be correlated with the degree of
exercise. Also lacking is any attempt to correlate the type of exercise with DCS outcomes. This is
complicated by the considerable controversy regarding the comparison of isometric and kinetic (dynamic)
exercise in terms of energy usage and muscle mechanics (37,109,133,179). Consequently, one can only
speculate on the relative role of tribonucleation and metabolite accumulation in the etiology of limb bends.
Does the shearing action of overlapping muscle sheaths during active exercise produce de novo bubble
nuclei in the tissue and thereby predispose one to bends? It is becoming more important from an
operational viewpoint to define and to quantify the relative contributions of various types of exercise to
DCS parameters. Likewise, it is necessary to determine the effects of various degrees and types of
exercise on VGE and DCS in order to integrate an exercise bias into the Mode!.

A4, The effects of repetitive altitud DGS il

Multiple altitude exposures with short ground level intervals are common in some operational
settings. It is generally thought that such repetitive exposures will result in higher incidence of DCS than
single exposures. The repetitive aspect of DCS was reviewed recently by Furr and Sears (53). This paper
found that the literature was confounding; studies supported an increase, decrease, and no change in
susceptibility to DCS associated with repetitive exposures. Furthermore, no usable database for repetitive
altitude exposures exists. Yet the Model must be capable of predicting DCS risk for multiple flights.

The nitrogen in all tissues at ground level is at an equilibrium (saturated). If ambient pressure is
reduced, the tissues are said to be supersaturated, i.e., the PN, in the tissues is higher than ambient.
However, during the altitude exposure, the tissue denitrogenate at an exponential rate. Upon returning to
ground level, the tissues renitrogenate at a similar rate. Since it may take as long as 24 hours for the
tissues to return to the ground level equilibrium after a flight, if a second flight is initiated within that time,
denitrogenation will start at a lower level, and supersaturation will be less (assuming similar altitude
exposures). From a strictly gas diffusion/perfusion standpoint, repetitive flights should result in a reduced
DCS risk. However, supersaturation can result in bubble formation and growth in parallel with the
denitrogenation. Since bubbles are thought to have a longevity in certain tissues lasting hours to days,
each repetitive exposure would lead to bubble growth and, thus to increased DCS risk. This picture is
complicated further by the fact that rarely are a series of repetitive flights exactly the same. Variables such
as altitude, prebreathing time, rates of ascent and descent, time at altitude, ground level intervals and
number of flights must all be taken into consideration by the Model for accurate risk assessment.

An investigation is proposed for the out-years of the project that will provide the Model with both
the theoretical basis and the empirical database necessary for its use in repetitive flight situations. In vitro
studies will attempt to define the bubble formation and growth algorithms. Human research using echo
imaging and DCS symptoms as end points during representative repetitive series of flights will provide the
database for the Model development.
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12. ROAD MAP FOR ALTITUDE DECOMPRESSION COMPUTER DEVELOPMENT

Our approaches emphasizes verification, validation and subsequent refinement of the various
portions of the Model in an iterative fashion throughout the development process. Without an integrated
validation process, the development cannot proceed because there is no way of knowing the accuracy
and limitations of the evolving models. Results from validation of each phase provide the data necessary

to direct the continuing development.

Procedures for validating decompression procedures were outlined at a 1989 workshop. This
information has been published in a document titled "Validation of Decompression Tables" (130).
Although aimed at the diving field, many of the guidelines can be applied to the development of this
altitude Model. The validation procedures outlined below were derived from that document. In shon, it is a
two-step procedure: 1) test the model against available DCS databases, 2) test the model experimentally
on human subjects at simulated altitude in a chamber.

12.A. Verification with DCS Databases

Initial validation will be accomplished by comparing model predictions with experimental DCS
outcomes from available databases. There are two modern research altitude DCS databases available: 1)
NASA JSC, and 2) USAF AL. Both the USAF and NASA have extensive computerized records of DCS
and venous gas emboli data obtained from many years of research. The AL Hypobaric DCS Research
Database (172) is the largest and most extensive since it is the only one that contains intravascular bubble
data obtained with echo imaging techniques. Thus, this is the primary database that will be used in the

model development.

The-AL DCS Database is a VAX-based relational database system with 211 data fields per subject
exposure. Complete records of venous gas emboli observed following movement of each limb are
available for each 15 min segment of every exposure. The time course of all reported DCS symptoms is
also recorded. Detailed coded information on the type and the severity of each symptom is recorded. The
complete pressure profile, breathing mixtures for each exposure, selected personal anthropometric data
and medical history of each subject are also recorded. As of 22 September 1992, 1076 exposures were
recorded in the database. Efficient sorting and extracting procedures have been developed to produce
computer-generated tables and other documents. This resource has been used extensively in support of

many publications.

In addition to the AL and NASA Database, an additional source of useful data is the World War i
research on DCS. The numerous studies conducted during and following WWII, as well as some of the
newer studies, were recently compiled into a single computerized database by Conkin (28). Although
these data have some limitations, Conkin's databank will be useful in modeling the severe end of the
spectrum of clinical DCS manifestations. Most of these early studies were part of various aircrew screening
programs. As a result, they contain large number of individuals. Unfortunately, much of the detailed data
from the individual flight records have been lost. Another major problem with this old data is that both the
endpoints for terminating the exposure and the symptom classification system used in these early studies
varied significantly and are not consistent with the endpoints currently used. Despite these shortcomings,
it should be possible to correlate some of these variables by carefully reviewing and comparing the
detailed records based on symptomatology rather than classification of DCS. This would provide a critical
volume of data that, due to stricter limitations on human experimentation, could never be repeated today.

A significant problem that must be dealt with in developing models of decompression sickness is
the typically low incidence rates that occur on the milder exposures. To obtain sufficient statistical power in
the data analyses, a large number of subjects is required for each study. The cost of doing such a large
study is high. Therefore, it is imperative that all available data is consolidated into a common framework that
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will give more statistical power than relying only on data obtained at any one research center. Using this
approach will minimize the need for new experimental work.

12.B. Experimental Trials

Final validation of the model will, however, require experimental trials exposing human volunteers
to selected altitude profiles in hypobaric chambers. The subjects will be monitored for DCS symptoms and
intravascular gas emboli with echo imaging systems. The data on the DCS and VGE incidence and latency
will be used to determine the validity of the model and to guide ongoing modifications to the model.

The method developed by the AL for human DCS research has been described in several papers
(6,42,114,115,117,118,123,173). It is currently in use on four experimental protocols. In addition, a
quantitative measure of decompression stress, intravascular gas emboli, is achieved with a non-invasive
ultrasonic echo imaging/Doppler system (Hewlett Packard SONOS 1000) that permits precordial
monitoring, by both visual and audio means. Gas emboli can be clearly seen and heard in all chambers of
the heart, the pulmonary artery, the inferior vena cava, and other peripheral vessels. All data from these
studies are coded and transferred into and stored in the AL DCS Database described above.

12.C. Goals and Approach

The feasibility study has shown that development of a working mode! is possible. We propose to
initiate a full scale model development program that will produce the mathematical DCS Model that could
ultimately be incorporated into an operational altitude decompression computer. Based on the preliminary
work accomplished during the feasibility study, development and validation of the altitude decompression
Model for the USAF is expected to take five years.

The multudnscnplmary ‘nature of this project requires a team of mvestngators and technicians with a
wide spectrum of training and experience. In addition, altitude chamber crews and human subjects will be
extensively utilized. Development and evaluation of candidate algorithms for DCS risk assessment require
a flexible computing environment. The preliminary model was implemented using the LabView software
package by National Instruments. This software has good user interfaces for inputting data and displaying _
results. However, due to the graphical nature of the software, direct control over the lower-level
computational processing is limited. For this reason, future model development will be accomplished
using FORTRAN. FORTRAN provides a common language that can be supported on a wide variety of
computers. As the model software development progresses, the FORTRAN code can be linked to other
packages such as MATLAB or LabView for easier display and analysis of results.

The mathematical model will be implemented on an 80486 microprocessor-based personal
computer using FORTRAN. The flight profile and personal information can be input either from terminal
(screen) or from a file. The output will be either in data or in graphs. The software MATLAB will be used to
demonstrate the graphs and to do data comparisons. The FORTRAN code can be incorporated into
MATLAB for more efficient operation. The model will calculate the physical stress related to DCS such as
tissue ratio, bubble size, and bubble volume. The physical stress will then be correlated with experimental
data on DCS. Once the link between DCS and the model-calculated physical stresses is established, the
validity of the model will be evaluated. When the model has been refined to an acceptable degree of
accuracy, it will be used to assess the risk of DCS associated with a variety of flight profiles.

Software development will be accomplished using a modular approach. Candidate algorithms will
be implemented and tested against the available data from both in vitro and in vivo experiments. It is
anticipated that no single algorithm will adequately model the entire range of potential altitude exposures.
This will be addressed by combination of multiple algorithms. The proposed software development will be
accomplished in an evolutionary fashion starting with simpler models and addlng complexity where
required to adequately match the experimental data.
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Building on the preliminary model developed during the feasibility study, three parallel efforts will
be initiated during the first year of the program:

1. Development, evaluation and documentation of the preliminary mathematical altitude DCS model
and its corresponding computer implementation.

2. Verification of the basic physical and physiological concepts upon which this preliminary model is
built through in vitro studies.

3. Elucidation and quantification through in vivo human studies of physiological concepts currently
il-defined but necessary for this model development.
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12.D. Outyear goals

Ongoing efforts should improve the validity of the model based on the incorporation of additional
experimental data. Future efforts will also focus on expanding the scope of the model to include other
factors known to affect DCS risk, i.e., level of exercise, repetitive exposures. Specific plans for future
research include parametric studies to determine effects of variations in selected model parameters on the
accuracy of the DCS risk predictions as well as refinement in selected model parameters and expansion of

the model based on:

1. Additional data on the incidence and latency of DCS symptoms.
2. Correlations with experimental data on incidence and time course of venous gas emboli.
3. Verification of the bubble growth portion of the model against data form both in vivo and in vitro

ultrasound echo imaging studies.

D.1. Continuation of biecti

It is expected that all of the studies listed above will continue into at least the second year. They
will be initiated first because they represent the basic building blocks of the model or address the major
gaps in the database and require an early start.

DCS from all types of environments has a high level of individual variability. However, altitude DCS
appears to have the highest. Therefore, in contrast to diving models, this model will contain methods for
biasing the answer in order to reduce the variability. Ideally, correction factors have been implicated over
the years. Some have a scientific basis, others are part of the "folklore" of DCS. In addifion, some of these
factors that have generated considerable scientific interest may not be of high importance. The magnitude
of their impact on DCS may be disproportionately small and therefore, they will not be considered for the
model. A variety of predisposing factors that are considered important in the etiology of DCS will be
evaluated for consideration for the model and will be dealt with in two ways. If the factor has been dealt with
sufficiently in the past, and its effect is well documented, and the decision is made that it has a major
influence on DCS, data from the literature will be used to integrate a bias into the model. This category
includes such factors as age, body fat, hydration, and gender. If a factor is considered to be important and
sufficient data are in the literature, research will be initiated to determine its effects on DCS and the data
entered into the database. The influences listed below are currently in the latter category:

1. PPB
2. Exercise
3. Repetitive exposures

fn i}

Because altitude DCS occurs during the mission, not only should the Model output display
percent risk, it should also provide information on how severe the symptomatology will be, and the time
progression of that risk while at altitude. This information will provide as much capability as possible in order
to maximize mission effectiveness.
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D.3a. Severity scale

A variety of DCS end-points have been used over the years (175). Most frequently the Golding
(56) Type I/Type 1l classification has been used. Recently, this classification has been dropped by many
because it is inadequate and counterproductive (48, 90). The NASA model (29) used a three-level scale
to describe DCS risk: VGE, pain, and serious symptoms. A four-level scale risk assessment approach is
proposed for this Model readout. This will enable selection of not only percent risk but also the type and
severity of risk. The four scales are, in general, in increasing order of severity:

venous gas emboli and arterial gas emboli
pain

neurological symptoms

chokes (respiratory distress)

hon =

The empirical data for the first two scales, as discussed above, will be obtained from the AL DCS
Research Database. However, because of the conservative nature of the studies that contribute to that
database, studies dating back several decades will be used to verify the more severe scales. These old
databases may require organization and computerization to make them useful to the modeling effort.
Some of this work is ongoing at other research centers and subcontracting for such required databases
may be needed.

D.3b. Latency and resojution

The onset time to DCS has been used effectively for many years in the USAF to enable certain
operational altitude exposures to be accomplished with minimal risk of DCS. The latency period has been
discussed and will be an output of the Model. Another portion of a flight profile that can be useful will be
referred to-as the resolution period (174). If an individual goes to altitude breathing 100% O, and stays
there a long enough time, the bubbles and DCS tend to resolve. This is because the continuing

denitrogenation process at some point reduces the N, levels so low that bubbles can't be maintained. As
can be seen in Figure 18, the time frame between these two relatively safe regions is the area of concern.

Latency Resolution |
ig :
. sk Zon / I Acceptable Level
DCS Risk of DCS Risk

Time of Exposure

Figure 18. Flight profile of DCS risk
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It is the region in which one will want to ask the Model to change variables in such a way as to bring down
the risk level, i.e., increase prebreathing, change breathing gas, change altitude, etc. The model must be
capable of incorporating these effects in order to provide accurate risk assessments in all three of these

regions.

D4 H ubiect validation trial

Testing of a decompression model with human subject trials is one of the basic requirements for
the acceptance of any model. Unless this is done, a model remains a purely theoretical computer exercise
with no validity. This is clearly defined in the validation workshop previously discussed (56). One of the
basic design concepts of our Model is that any part of it can be modified at any time. its development will
incorporate this capability. During the human trials phase, the Model will be continuously refined as data

becomes available.

It is expected that the human trials phase will last approximately two years. The experimental
protocol for the human trial will be written and processed through the AL human use commitiee and the
Surgeon General's Office during the third year of the project. Since not all situations can be validated,
obviously the testing protocol will require great care in the selection of which representative flight profiles
will be used to validate the model. That selection will take into account the profiles already used from the
databases, and the portion of the model with the lowest confidence.

Upon completion of the verification process, the mode! will be finalized in the software formats and
languages determined to be most desirable for transition to software and hardware development.

13. CONCLUSIONS

Work to date on development of an altitude DCS risk assessment model shows great promise.
Ongoing efforts should improve the validity of the model based on inclusion of additional experimental
data. Future efforts will also focus on expanding the scope of the model to include other factors known to
affect DCS risk, i.e., level of exercise, age, repetitive exposures, flying after diving, etc. Specific plans for
future research include parametric studies to determine effects of variations in selected parameters on
accuracy of DCS risk predictions. Also, we plan to refine and expand the model based on:

1. Additional data on the incidence and latency of DCS symptoms.
2. Correlations with experimental data on incidence and time course of venous gas emboli.
3. Verification of bubble growth model against data from echo imaging studies.
In closing, we believe the final product of this research will provide a tool that will be of direct use to
field personnel in both planning and executing operational missions impact, i.e., results in better

assessment of DCS risk. The same product will also provide a standardized approach for risk management
in altitude chamber training and research operations.
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APPENDIX A

Derivation of Bubble Growth Equation
1. Introduction

In deriving the bubble growth equation, defined as change rate of bubble radius dr/dt, three basic laws
are employed: Fick's law, Henry's law and ideal-gas (Boyle's) law. Several different bubble growth
equations in the literature are all based on those three laws with different assumptions. The focus here is
to derive those equations by Van Liew (1967), Van Liew and Hlastala (1969), Hlastala & Van Liew (1975)
and Gernhardt (1985) from the same principles but different assumptions so that one bubble growth
equation with acceptable assumptions could be chosen for the altitude DCS prediction model.

2. Three basic laws
Eick's Law

Fick's law has two forms, one is a gradient equation and the other is a differential equation. Each
equation has different expressions according to the coordinate system chosen. In all following

discussions, the substances considered are assumed to be isotropic and a generic letter e is assigned to
represent the substance of interest.

Under the assumption, Fick's law in one dimension is (Crank 1975)

oC.
Je=-D==
(1 ) aX
where
Jo : rate of transfer of diffusing substance e per unit area of section
Ce : concentration of diffusing substance e
X : the space coordinate measured normal to the section
D : diffusion coefficient.
If we restrict ourselves to cases in which the diffusion is radial, Eqn (1) can be expressed as
oCe
Je=-D==
(2) ar

where r is radius.

The differential equation of diffusion in general is

9Ce _ 4iv (D grad Cy)
(3) ot |
where 3 3C. 3
. _ v = 9C y  0C,
div C=VsC ax+ay+az’
grad C=VC= dC; , 9C: a—CE ,

B—}—{—l-'.—a—}—lj-l- aZ
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and the subscripts x,y,z are the Cartesian coordinates. Assuming a constant diffusion coefficient, Eqn (3)
in one dimension, the three dimension and radial diffusion become:

\ 2
(4) ax
2 2 2

QC—=DV2C=D(8 C+8 C+8 C)’
(5) ot ox2 %’2 072
and ,

aC 2 9’C ,0C oC 2 9. ,0C

==DVC=DE=+25) = =pvCc=DllnZZ
® af a2 TH o X 2o
respectively.
Ideal Gas Law

The ideal-gas law says that pressure times volume of the substance is constant, i.e.,
7) neRT=P.V,
where
Ng = number of moles of the substance e
R = ideal gas constant
T = temperature
Pe = pressure of the substance e
Ve = volume of the substance e
or alternatively
_Pe Ve

@© Be=RT -
Henry's Law

Henry's law states that the concentration C, of a substance in liquid phase is equal to some constant k
times the partial pressure Py, of the substance in the gas phase,

©) Ce=kePe.

By changing units and applying the ideal-gas law (7), Eqn (9) can be written as

_ Ps.
(10) Ce=aPe (RT

where
a = solubility of substance e
P = standard pressure.

S
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There is a connection between Eqn (8) and Fick's law Eqn (2), such that the rate of total substance
transferred cross an area A is equal to the number of moles of the substance n per unit time, i.e.,

dn_ja-.p9€

A.
(11) dt or

Notice that Fick's law expression (2) is used since it is of our interest. Taking the derivative of Eqn (8), one
obtains

dne _d PeVe l dVe dPe
(12) dt E( RT RT " (P° © dt

3. Derivation of Equation

To be more specific, the problem of interest is the saturated (with Nitrogen N,) tissue serving as a source

of gas causing the gas concentration to decreases as it gets closer to the gas-tissue interface. Eqn (12)
gives the rate of the number of moles of N, crossed gas-tissue interface

d_n_—__l_(pbﬁi_Yb_.Fvb%)

(13) dt

where

Pb = partial pressure of N» in the bubble
Vp = volume of the bubble.

In a steady state in which pa&ial pressure in the bubble does not change, (13) becomes _

dn__1 p dVp
(14) a "RT P g

The partial pressure of N, in the bubble Py, can also be expressed through the pressure balance on the
bubble:

Py + Prg = P + 22+ dn’H

(1)
where

Pm = partial pressure of O5+H,0+CO, in the bubble
Ph = hydrostatic pressure

d = surface tension

H = bulk modulus for the tissue.

Egn (15) says that the total pressure Pb+ng inside a bubble is balanced by the sum of hydrostatic

pressure Py, pressure due to surface tension 28/r and pressure as a result of tissue elasticity (4/3)1tr3H.
Assuming that the interface of a bubble and the tissue has the shape of sphere, volume and area of the
bubble are V|, = (4/3)1l:r3 and 4mr2. Replacing dP/dt, dV/dt and V}, in Eqn (13) by:
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Py _ (. —§ + 47tr2H) dr

dt

dvy _ 4 3 2d_1; dr
at 55(3’“) A = A,

V =§'TU'3=-'3'—A,

Egn (13) and (14) can be rewritten respectively as

dn _ 25 + 453 dr
(16) dt RT APy 50+ 3meH)
and dn_ 1 dr
(17) a “RT AP

Combining Eqn (11) and Eqn (16), one gets the relationship between the gradient of concentration and
the bubble growth rate dr/dt:

oC

1 (Pb 25 4 1-3H)_d=l'~ Dar

(18)

The above expression is the basic equation which will be used over and over again in developing
bubble growth equations.

To dévelop the bubble growth equation, steady-state, i.e., 9C/dt = O will be studied at first. A
general solution to Fick's law expression (6) is (Crank, 1975)

ac 2C

Gl
(19) C=Gy+—

where G4 and G, are constants to be determined from a set of boundary conditions.

Casel

Assume that a bubble is spherical and surrounded by a shell with the thickness h, i.e. a bubble
with the shell is like a hollow sphere shown in Fig 1.
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Figure 1. A bubble with a gradient shell.

If inside the bubble, p <, the concentration of Ny is Cp, and pr 2 r+h, C; (equals to the concentration of
N, in the incoming arterial blood C,), then the concentration of N5 in the shell is the solution Eqn (19) with
the boundary conditions C(r=r) = Cb, C(r=r+h) = Cy:

Clp) = r G, (r+h-p) + h(r+h) C; (p-1)
(20) p

and its derivative is

. §9=_(r+1111)r(c -Ct)—12—~
@1) P p
From Eqn (10)
- Py
22) Ci=0iPrpr
- Py
(23) Co=u Py RT,

Eqgn (21) for r=r can be expressed by

oCl __r+h Ps

) P 55 o=~ 1h RT o (Pp- Py .

Replace dC/or in (18) by (24), then
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dr__ D@ -POPs pyh

25) a h Py - % + %nr3H)
When r is large, the term (r+h)/r is reduced to 1 approximately and (25) becomes:
dr __%tD®Py-P)Ps )
o6 5 e, - 2 1 4nem)

When the radius gets larger, the curvature of the surface of the bubble gets smaller, hence it can
be treated as a plane. Eqn (26) is the same as one given by Gernhardt in 1985 in which he assumed that
the diffusing is planar. Furthermore, if one assumes that the pressure in a bubble does not change,
Eqn(26) reduces down to Van Liew's equation in Van Liew (1967):

dr _ a; D (P, - Py P
@27) dt h Py ’

(in Van Liew (1967), the shell thickness is L instead of h).

Casell

Consider a spherical bubble surrounded by tissue. The concentration of N inside the bubble is
constant Cy,. Outside the bubble, in the tissue, the concentration of N, changes from Cy, at the interface
to the concentration of N, in the incoming arterial blood C,, (see Fig. 2). ’

bubble

Figure 2. A bubble with an infinite gradient shell.
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Here, the shell thickness is considered as infinity. With the given boundary condition

28) Clp=n) = Cb,
@9 Cp==) =C,

and the assumption of no perfuéion, the solution (19) can be written explicitly

C= ca+(cb-ca)§, for par,

(30)
and
aC '
o Sl Co-CO L =g @o-PO Pt

Replacing 9C/0r in Eqn (18) by (31) gives

gr_=atD(Pb“Pa)PsL.

dt 20 . 4.3 I
Pb-3r+31tl‘H

(32)

Again Eqn (32) can be reduced to the equation in Van Liew and Hiastala (1969) with the
assumption of no perfusion and dP,/dt=0: ’

(33) ] dt

If perfusion exists, the amount of gas absorbed by blood in the shell is (Van Liew and Hiastala
(1969))

(C-CakQ
where kQ is the effective blood perfusion. With perfusion, Eqn (6) becomes (in steady-state)
2 .
(34) DVC=(C-CpkQ
or

a kQ
o D . The solution to (35) with the boundary conditions for Case Il and

the assumption dP,/dt=0 is given by (Van Liew and Hlastala (1969)):

dr g, DP(1-Bayd+2).
(36) dt Py T
If dPy,/dt is not zero, the growth equation becomes:

79




dr _ 0t D (Py-P,) P (1 +1).

dt 25 443
(37) Pb 31111' H

To extend the theory to transient-state, the following partial differential equation is considered

DV’C = =kQ(C- Ca)+a—C

(38)

i.e., the perfusion term is added to Fick's law expression (6). Replace C in Eqn(38) by Egn (10), one
obtains

L V%P - gk Q (P - PPl + P L 98

or

or

(39) o Dot
With boundary conditions for Case I, thesolution to (39) is (Hlastala and Van Liew 1975).

P-Py 1 leronefe (2 m/DEM+ %- eMeD erfe {% +AVDE}]

(40) Pb~Pa P 2 2VDT

where

| erfc (y)=1-erf(y)=1-v%j es'ds .

(41) 0

From (18), 3 3
25 - gl_ € _ pg PP

“2) RT o 5 t3B = Do =Dk 5

together with (40}, then

?11; 0t D (P - Py) Ps (1 + herf (MVDE) + _ﬁ e-xth) .
P, 28 4 nr3H T
(43) 3
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If assuming dPp/dt = 0, (43) becomes

d{=atDPs(1-—>(1 +herf MDD + L

2D
(44) d e

which is the same as the one in Hlastala and Van Liew (1975).

In applications, P, is replaced by Py, i.e. in tissue far away from the bubble, the partial pressure of N, is the
same as the partial pressure of N, in the incoming arterial blood.

4. Summary

In summary, the equations which include reasonable assumptions will be considered in the
altitude DCS prediction model and those are:

dar__%D®y-PYPs r4p

dt 228 ,4.3
(25) h (Pp o + 31tr H)
dl atD(PbPa_)Ps (1+7\')
dt Py - ——6- + —-71.'1'3H .
(37) 3
and
dr _%D ®p-Py) P (l + herf (MDE) + e-).th)
dt Py ——6- + 4530 Dt
(43) 3

The rest of the bubble growth equations won't be used since they did not include perfusion or surface
tension or tissue elasticity. Studies need to be done to decide which of the equations, (25) or (37) should
be used. if the infinite gradient shell is used, the bubble growth equation (43) is the one with the most
reasonable assumptions and should be used in the altitude DCS prediction model. Meanwhile, a study
should be conducted at various stages to determine if a simpler equation, Eqn (37), can be used to
reduce computation time. The criterion is that if the initial transient state has littie effect on the bubble
growth time, Eqn (37) should be used.

Recently, in an in vivo study done by Dr. Olson, the finite gradient shell assumption seems to better
describe the experimental data (bubble growth in water or water/acetone). If this is the case, Egn (25)
needs to be modified to include perfusion and transient state.

81




